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ADAPTATION OF UFORE-HYDRO MODEL FOR SZEGED AND THE
SOUTHERN REGION OF THE GREAT HUNGARIAN PLAIN BASED ON LOCAL
METEOROLOGICAL DATABASE

A K CSETE and A GULYAS

Department of Climatology and Landscape Ecology, University of Szeged, Egyetem u. 2., 6720 Szeged, Hungary
E-mail: cseteakos@geo.u-szeged.hu

Summary: Urban environments are very different from natural ones in many cases. The geometry of the buildings
and the various artificial surface elements can significantly influence the microclimatic and hydrological processes.
In urban areas, the surface is mostly artificial and it is hard to find natural, undisturbed surfaces, in addition, the vast
majority of soil surfaces are generally under strong anthropogenic influence. Models can provide a comprehensive
view of the hydrological processes in the city and can help to investigate the different impacts of them. In this study,
our aim is to introduce the preparation of a widely applicable model (UFORE-Hydro) for Hungarian pilot areas.
Thus, we intend to introduce the procedure of preparing the weather and evaporation files and their local databases
which we used for the model.

Key words: urban hydrology, i-Tree Hydro, sustainable urban water management, green infrastructure, nature-based
solutions

1. INTRODUCTION

Growing urban areas and the increasing number of urban citizens are the results of
urbanization which is one of the greatest challenges of the 21% century. Nowadays, the
worldwide proportion of urban population is over 54%, which is gradually increasing and
could reach 66% by 2050 (UN DESA 2019). The territorial and population growth is
accompanied by changes in the natural environment and the spread of townscape. The
problems of urban areas cannot be separated from the future effects of climate change.
Among the negative effects of climate change, urban water volume and its time distribution
is a major problem, which is even more relevant in connection with the growing urban
population.

Urban environment shows a fundamentally different picture compared to natural
areas. The geometry of the buildings as well as the various artificial surface cover elements
can significantly influence the microclimatic and hydrological processes. The most
significant change in land cover is the increase of built-up areas, including the use of artificial,
mostly impervious pavements (e.g. concrete, asphalt, bricks, various stone pavers, etc.).
Furthermore, the major part of soils is usually under strong anthropogenic effects (e.g. soil
sealing, compacting). These factors can significantly affect the hydrological sub-processes.
The most important side effect of impervious surfaces is that they significantly increase
surface drainage ability, thus surface runoff (Department of Water 2007, Gayer and Ligetvari
2007).
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Fig. 1 The route of water in urban and natural areas (based on [2])

In urban watersheds, the route of precipitation that actually reaches the surface differs
significantly from natural areas. The afore-mentioned impervious surfaces do not allow water
to infiltrate into the deeper layers. The primary reason for this is the presence of impervious
pavements; the other is the drainage system, of which primary purpose is to drain the excess
water as quickly as possible. Compared to natural areas, temporary or long-term storage does
not occur in urban areas. Due to the rapid drain ability of the impervious surfaces,
watercourses flowing through urban areas are exposed to the significant impact of erosion
(Fig. 1). Nevertheless, the real problem is the increase in surface runoff volumes. In case
large amount of precipitation furthermore, if there is an undersized sewer network, there is a
high chance of an urban flashflood (Fig. 2). In a short-term, heavy rainfall event, surface
runoff may also reach 80-90% for pervious surfaces, which may be even higher in the case
of paved surfaces (Buzas 2012).
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Fig. 2 Hydrological processes of different built-up areas (based on US EPA 2003)

In the sustainable urban water management, green infrastructure — as a nature-based
solutions (NBS) — plays a key role, within which woody vegetation (trees) has a particular
importance for urban ecology (Romnée at al. 2015, Raymond et al. 2017). Trees, among
others, participate in the more efficient utilization of precipitation (e.g. runoff reduction,
increase in infiltration), influence the microclimate of a city in a positive direction, and play
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a significant role in pollution sequestration (Xiao and McPherson 2002, Berland et al. 2017).
Due to their size and physiological properties, their importance in water management is
significant compared to other vegetation types, because they are able to interact with
precipitation on a larger surface. As a result, they significantly reduce surface runoff, which
is a key issue for urban areas with predominantly impervious surfaces. The large amount of
rainwater, which is stored in the trunk, branches, and in the tree canopy, also significantly
influences the micro-climatic characteristics (e.g. humidity) (Fletcher et al. 2015, Berland et
al. 2017).

For these reasons, examining the role of urban vegetation in water management is a
very actual issue. Considering growing urban population and the increasing frequency of
intense rainfall events, there is an increasing need to change the traditional urban water
management approach (which did not focus on vegetation in the past), as global trends are
increasingly showing the potential how urban vegetation can and should be used in water
management. It is evidenced by the increasingly widespread use of modern water
management systems (e.g. WSUD in Australia) and design projects focusing on water
retention (e.g. the “Sponge City” project in Berlin, China, and Taiwan) (Liu et al. 2015).
Researches in this scientific area are still relatively rare in Hungary, so we find it particularly
important to support the claims with more accurate data and model calculations, which are
valid for Hungarian conditions and can help to consider green infrastructure as an opportunity
for local decision-making processes (Buzas 2012). Therefore, the central element of our study
helps the adaptation of a widely applicable model (UFORE-Hydro) to Hungarian study sites.
The model is available as part of the i-Tree model family developed in the US, and it is
outstanding in many respects, as it focuses on the impact of vegetation on urban hydrology
(Kirnbauer et al. 2013, Jayasooriya and Ng 2014, Nowak et al. 2018).

The purpose of this work is to present the methodological steps that help the
adaptation of the model to the Hungarian circumstances. Furthermore, we intend to present
the procedure of the complex input data preparation (weather and evaporation data files) used
in the model, based on the Hungarian databases. We would also like to draw the attention of
Hungarian decision-makers to the diverse opportunities in the application of urban green
infrastructure combined with urban water management. Our data processing steps and results
can support the work of professional and scientific experts who can contribute to the decision-
making processes.

2. APPLICATION OF THE UFORE-HYDRO MODEL

The UFORE-Hydro model accessible as a part of i-Tree model family (the model can
be run through the computer interface of the i-Tree Hydro program, hence referred to as
Hydro). The model was developed in the US by various institutes (SUNY College of
Environmental Science and Forestry, USDA Forest Service, Syracuse University and the
Davey Institute) (Yang et al. 2011, Kirnbauer et al. 2013, Jayasooriya and Ng 2014, Nowak
et al. 2018). The Hydro is an ideal tool for analysis different areas and land cover scenarios
as well as their hydrological impacts. It can be use at various scales, from a part of urban
watershed to a whole city. The advantage of the UFORE-Hydro model (in comparison with
other stormwater models), that it can simulate the effect of changes in urban vegetation and
its impact on the urban hydrological system more detailed. Most of the urban hydrological
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model cannot handle the different types of vegetation and other features (LAI, leaf-off day,
etc.).

Among the outputs of the model, information can be obtained about the total runoff,
including the base flow, and the two components of the surface runoff: the flow of impervious
surfaces and the flow of pervious surfaces. The effect of vegetation on the runoff can be
concluded from the data of interception, evaporation, canopy storage, and infiltration.

The model consists of two main input data sources: meteorological and spatial data.
When providing meteorological data, we need to create a weather file and an evaporation
file, which will be detailed in the next chapter.

When specifying spatial data, we need a terrain model that allows the model to
calculate the direction of the surface flow and its accumulation locations. However, the most
important spatial data relate to the land cover of the sites. The percentage of land cover data
should include the following: tree canopy cover, herbaceous vegetation cover, shrub
vegetation cover, open soil surfaces, water surfaces, and impervious surfaces (buildings and
pavements). Additional data are also required for tree canopy and shrub vegetation, as the
surface cover beneath their canopy of these types may vary by area. Therefore, it is necessary
to define the proportion of impervious and pervious surfaces beneath them. Within both
types, we also need to define the spatial distribution of evergreen species.

To define the land cover categories, we used eCognition 9.1 Developer (Baatz and
Schape 2000, Manakos et al. 2000, Hay et al. 2005). For this, we used a leafage orthophoto
from 2015 and a leafless orthophoto from 2016, in both cases with a geometric resolution of
0.4 meters. We used a digital surface model and a normalized digital surface model (2015)
to define the height classes within the vegetation and impervious surfaces. To define these
categories, eCognition was used, which requires proper consideration of the spectral and
formal characteristics of the data. With Hydro, in addition to real land cover ratio, we have
the opportunity to work with alternative land cover ratio, which can be an important tool for
urban planning. The real land cover data based on the values of the orthophotos, in contrast
with the alternative land cover, where we can define hypothetical land cover rate. In this case,
we can run model scenarios and these can be used to estimate the effect of a future square
renovation or greening.

For the international use of the Hydro model, in the previous studies it is necessary to
designate a reference city with similar climatic conditions in the US, where the most
important temporal and spatial distribution of climatic parameters are similar to Szeged or
other Hungarian cities ([1]). This step was necessary for the model matching. However, with
the steps described below, running the model, which is exclusively based on Hungarian
databases, now is available, and it will significantly reduce the number of errors. In this work,
our aim is to simplify the international use of the model, especially for Hungarian cities.

2.1. Selection of the study areas

Our study sites are in the city of Szeged, which is the center of the southern region of
the Great Hungarian Plain with its special climatic conditions. The area is characterized by
low annual precipitation (497 mm), high sunshine duration and consequently frequent
drought (Balazs et al. 2009). However, while precipitation is relatively low, the intensity of
rainfalls varies greatly. Besides, in the summer long drought periods there are frequent
flashfloods, which are a major overload for the outdated sewer network and can cause
flooding and damage in large areas. Both factors are major challenges for urban water
management (Unger and Gal 2017). Four different urban districts were selected in Szeged as
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study sites in order to represent the impact of different land cover characteristics on the
hydrological character of the areas. When designating the areas, we took into consideration
the local climate zones (LCZ) system (complex climatological category system based on
surface structure and geometry moreover the thermal and energy features of the surface)
applied to Szeged (Unger et al. 2014a, 2014b). In order to achieve better comparability, the
area of the study sites are nearly the same.

The description of arecas shown below are only needed to present our future
examination which based on these methodologies. These areas will be used in other studies,
but it is necessary to show them for better understanding the model.

Study site 1. is located in LCZ 2, which is characterized by a dense mix of midrise
buildings. This area is the most built-up part of Szeged, which can be described as an absolute
downtown location. The study site II. is located directly northeast from study site I. Compact
installation is also typical in this area, but with low-rise buildings, so this site can be classified
as LCZ 3. As a housing estate district, study site III. shows a fundamentally different picture
compared to the previous areas. It is located in LCZ 5, which is characterized by open spaces
and midrise buildings. Study site IV. is in the southwestern residential part of Szeged. The
characteristics of LCZ 6 can be observed here, such as open spaces and low-rise buildings.
As it is a relatively newly built part of the city, the arrangement of the buildings follows a
very regular, square layout (Fig. 3) (Mucsi et al. 2007, Unger et al. 2014Db).

Legend
Study sites

Fig. 3 Study sites within Szeged

2.2. Preparation of the input data

The accurate production of the data in the files is essential to run the model correctly
(Wang et al. 2008, [1]). The two files have been produced in the United States so far, which
raises accuracy issues (such as the availability of certain national data), on the other hand, it
also requires a long waiting time. In order to overcome these problems, we needed to produce
the necessary data by ourselves. We used several national databases for the process: the
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databases of the Department of Climatology and Landscape Ecology (Szeged) (Unger et al.
2017), the Synoptic Station’s database of Hungarian Meteorology Service (HMS Szeged),
the SYNOP (Surface Synoptic Observations) database, the i-Tree Eco LAI (Leaf area index)
database (run in Szeged) (Kiss et al. 2015), and the ECMWF ERA Interim database
(Berrisford et al. 2011).

2.3. Weather file

The weather file forms the basis for the evaporation file, so its accurate production is
a top priority (Wang et al. 2008, Hirabayashi and Endreny 2016, [1]). Hydro works with 1-
hour resolution data, so the diverse measurement intervals within different databases (10
minutes, 15 minutes) need to be aggregated uniformly. This file contains basic
meteorological data that characterize the weather in a given area and time.

The file requires two types of temperature data: air temperature Tair and dew point
Teewr in °F. These two types of temperature data needed to the weather file base data, but for
the equations temperature data are needed in other units. These data, as well as wind speed
were obtained from the HMS synoptic station (Szeged) data.

Wsagj is the windspeed data adjusted by the measurement height and the surface
roughness (if the wind gauge is at 2 meters, this step is not necessary). The wind gauge of
Szeged synoptic station is positioned at a height of 10 meters, but the model calculates with
wind speed at 2 meters during the run. To solve this problem, we used a formula in Eq. 1:

Wsadj [m 5_1] = WSy - (hr : hr_nl)a (1)
a=012-z,+0.18

where wsn, is the measured wind speed, hn, is the height of wind measurement, h is the desired
wind speed measurement height, o is an empirical exponent in which z, is the roughness
height in meter (Davenport et al. 2000).

The liquid precipitation (Precip) and the snow quantity (Snow) are need to be given
in m h'l. The model handles separately the two type of precipitation, which gives more
accurate results (Yang et al. 2011).

The most complex task within generating the weather file is the calculation of net
radiation (Eq. 2):

Ro[Wm™] =S, +L, ()
where R, is the net radiation, S, is the net shortwave, and L, is the net longwave radiation.
For net shortwave radiation (Eq. 3) the surface albedo is required, which obtained is from the
ECMWF ERA Interim database (Berrisford et al. 2011). After the conversion of the available
NetCDF files, we made its export in ArcGIS software for 12 and 18 hours within 8-9 days in

a month for the area of Szeged. The resulting averages reflect the monthly albedo of the area,
which was used to help filter out the outliers.

So[Wm™2] = (1 — ALB) ‘R, 3)

In Eq. 3, the ALB is the average monthly albedo in decimal format, and R, is the
global radiation measured at the given time. The net longwave radiation equation contains
the following elements:

Ln[Wm™] = ES - (Leky + Laig — Lste) )
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where ES is the surface emissivity for longwave radiation (constant: 0.97), Lgy is the
downwelling longwave radiation from the sky, Lcq is the downwelling longwave radiation
from clouds, and L is the upwelling longwave radiation from the surface (Eq. 4).

Lsfc [W m—Z] = 0-Tair}(4 (5)

In the L o is the Stefan-Bolzmann constant (5.67-10% W m? K), Tax is the air
temperature in K (Eq. 5). The Lgy and the Leqg consist of the following elements (Eq. 6 and
7):

TOTAL
L) - 0Tk (6)

) 0_TairK‘l- (7)

Ly [Wm™2] = E- (1 -

_ TOTAL
Laa[Wm 2] =

where E is the emissivity of the clear sky, TOTAL is the total current cloud cover in decimal
format. In the above equation, the emissivity of the clear sky is an important parameter, if
there is no or minimal cloud coverage.

E = 0.741 + 0.0062 - Tyewc (8)

In Eq. 8 Taewc is the dew point in °C (Eq. 8). It can be seen that the temperature data
used in the weather file are in English units, while in the equations they are given in SI units,
which must be taken into account during processing. However, the key element of the file is
the net radiation, which is one of the basic data of the evaporation file.

2.4. Evaporation file

The evaporation file in the model could actually be called potential evaporation and
evapotranspiration file. The file is designed to allow Hydro to calculate the actual evaporation
rate from actual rate of land cover, depending on potential evaporation data (Wang et al.
2008, Hirabayashi and Endreny 2016, [1]). For this, five different data types need to be
created: (potential evapotranspiration from trees), PE (potential evaporation from the
ground), PETree (potential evaporation from trees), PESnow (potential evaporation from
snow on the ground), and PETreesnow (potential evaporation from snow on tree canopy). It
can be clearly seen that, in addition to the evaporation from the liquid precipitate, the model
can also take into account the evaporation from the solid precipitate, depending on whether
it originates from the canopy or from the surface. As an additional data, the
evapotranspiration of the trees is also needed. For calculating the potential evaporation
values, a modified Penman-Monteith equation is used (Shuttleworth 1992). The basic data
needed for the processing were obtained from the department database (Unger et al. 2017)
and from the data of the HMS Synoptic Station.

Basic relations

In order to fill the potential evaporation equations with data, it is necessary to define
a few basic relationships and constants. To produce the data of latent heat caused by
vaporization (A) the air temperature (Tairc) is required in °C (Eq. 9).

AIMJ kg™'] = 2.501 — 0.002361 - Taiyc 9)

The density of water in the air (py) is necessary to calculate the available water
quantity (Eq. 10).

11
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pwlkgm 3] = —0.0051 - Tyi,c? + 0.018 - Tayrc + 999.88 (10)
A is the slope of the vapor pressure temperature curve (Eq. 11):
A[kPa°C~1] = —=3%8¢s (11)

B (237-3+Tairc)2

where e; is the saturated vapor pressure. The es can be calculated from Eq. 12. In addition to
the saturated vapor pressure, the vapor pressure is also calculated (e) (Eq. 13).

17.27-Tair

e [kPa] = 0.6108 exp (m) (12)
1727 Tgew

e[kPa] = 0.6108 exp (m) (13)

The vapor pressure and the saturated vapor pressure can also be used to calculate the
vapor pressure deficit (D) (Eq. 14).

D[kPa] = e; — e (14)
We also need the psychometric constant (y) (Eq. 15):

CpP

y[kPa°C™1] = (15)

where C, (=1013 J kg! °C") is the specific heat of moist air, P (in kPa) is the measured
surface pressure.

Wind equations

The potential evaporation and evapotranspiration also strongly depend on the wind
conditions, therefore wind speed values, which are projected on the average height of
different vegetation types represent a significant factor in the equations. There are several
constants in the equations, out of which roughness factors are important. Wind speed varies
on the different roughness of the different surfaces, so it is important to define a separate
roughness height for each vegetation type:

— The roughness height for water rdy [m]=0.00137
— The roughness height for trees rd; [m]=0.95
— The mass transfer coefficient Z,, [m]=0.0123

Since wind measurement at measurement stations is at a given altitude, therefore it is
important to assign a height to the different vegetation types, which represents a hypothetical
measurement at the height of the vegetation:

— The wind measurement height constant Z, [m]=2
— The estimated wind measurement height constant for trees Z, [m]=7
— The estimated wind measurement height constant for the ground Z,, [m]=0.1+rd,

After generating the different heights and roughness, the wind speed values for the
canopy and the ground can be set. The U, is the wind speed projected for the tree canopy (Eq.
16), and Uy is the wind speed projected for the ground (Eq. 17):

Zut
Ums~] = U - iga) (16)
ln( 4 )

rdw
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ln(—z;g)
-171 — . rdw.
Ug[ms™]=U ln(rﬁl;v) (17)
where U is the adjusted wind speed for evaporation, which is calculated in the precipitation

file (Wsagj). (In equation (1) and (16,17) we used different notation for the wind speed
(Wsagi/U according to the corresponding references because of the easier traceability).

Evaporation equations

The model calculates the potential evapotranspiration of trees (Eq. 18):

1 (A'Rn)+—pal.‘Cp.D
PET [mh™1] = - |[——X " Tfa1i_[ 103 (18)
Apw A+Y'(1+i)

where 13 is the aerodynamic resistance as described above (Eq. 19), and since transpiration
is also investigated, s is the stomal resistance (Eq. 20).

rpi[sm™] = % (19)
rg[sm™1] = % (20)

For r, this simplified formula refers to general vegetation surfaces (such as urban
areas), where we do not know the exact composition of vegetation. There is also a plant-
specific formula, but for this, it is necessary to have sufficient data on the vegetation of the
area. For rs L denotes the leaf area index (LAI).

It is also necessary to make two aerodynamic resistance values for the calculation of
PETree and PE, which are different from those used in the previous equation, as in this case
there is no transpiration through the vegetation. The aerodynamic resistance for trees ra (Eq.
21) and the aerodynamic resistance for ground r., (Eq. 22) are the following:

Zur \?
4'72.(lnzov'rdt)

17 _

Fals m™] = 1+0.536-U¢ @1
. Zi)z

ro[sm-l] :M 22)

ag 1+0.536:Ug

The PETree is used to calculate evaporation from the surface of the trees (leaf, bark).
Thus, this equation does not include the amount of transpiration processes of trees (Eq. 23).

pa'Cp-D
(aRy)+ER2
PETree [mh™!] = — |—— Tat_

. -3
oo v 10 (23)

The equation of PE is needed to calculate the amount of water evaporated from the
ground of the study site (pervious and impervious surfaces) (Eq. 24).

-Cp-D
(A'Rn)+pa—p

PE[mh™'] = ﬁ Tgl .1073 (24)

13
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Since Hydro also handles snow precipitation (Yang et al. 2011), the calculation of
evaporation from snow surfaces is also solved. It also consists of two components of the
evaporation: evaporation from the canopy and from the ground. In the case of PETreesnow
we can calculate the evaporation of snow falling on the canopy (Eq. 25).

PETreesnow [mh~1] = 2. {[([ZJ% (611.2 — e)} 21073 (25)
l u

TGl

For PESnow the potential evaporation of the snow falling on the ground is calculated
(Eq. 26).

PESnow [mh™'] = % : {% (611.2 — e)} 1073 (26)
(22l
After the exact substitution of the equations, we obtain the desired data that Hydro

can handle properly. The model works with a comma-delimited file format, so preformatting
is necessary.

3. FEASIBLE RESULTS

The Hydro model gives many results, which can help the planners to evaluate the
hydrological potential of the vegetation and can be used to draw the attention of decision-
makers to the importance of vegetation in urban water management. The model output
contains the results in hourly resolution with the help of which, can be analyzed the process
and quantity on a given time. The results can be summarized, and these data can show
monthly and yearly quantity of processes. The summarized result can be shown the study
area hydrological state, and with the help of which can be used to draw the attention of
decision-makers the potential water management problem of the study area. If we use the
opportunity of modeling different hydrology scenarios, they can be show the consequence of
planned greening or square renovation.

The model result can be arrange two main groups. The first main group is the flow
results, which can show the quantity of the different flow type. The other main group contains
the vegetation processes, and within this, can be distinguish the short vegetation and the tree
vegetation type (Table 1).

Table 1 The main result types of the model

Main results Unit Main results Unit
Rainfall [mm] Tree canopy evaporation [m3 h'] [m]
Total runoff [m® h!] Tree canopy throughfall [m® h'] [m]
Baseflow [m3h] Tree canopy storage [m3 h'] [m]
Flow on pervious surface [m3h!] Precipitation on short vegetation ~ [m®h'] [m]
Flow on impervious surface [m® h!] Short vegetation interception [m® h'] [m]
Infiltration [m3 h'] [m] Short vegetation evaporation [m3 h'] [m]
Precipitation on tree canopy ~ [m® h™'] [m] Short vegetation throughfall [m3 h'] [m]
Tree canopy interception [m® h''] [m] Short vegetation storage [m® h''] [m]

As the Fig. 4 shows, the model gives comprehensive picture about the flow and the
processes of the vegetation on the study site. Based on these results, we can provide
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information about a whole year hydrological state and the vegetation contribution to the
runoff reduction. The quantitative data can provide a good basis for the urban planning
documents.
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Fig. 4 Sample flow and interception results of Hydro

4. CONCLUSION

The advantage of the UFORE-Hydro model compared to other available hydrology
and stormwater management models is the high consideration of vegetation surfaces
(Kirnbauer et al. 2013, Jayasooriya and Ng 2014, Nowak et al. 2018). However, in the study
of meteorological and hydrological processes, due to their complexity, there is a great chance
for error. Complexity is further enhanced by the consideration of different vegetation
surfaces, thereby the chance of error also increases. Therefore, it is important that the input
files of the model are based on accurate databases. The required files have been created in
the US so far (with some basic data), but the additional data came from databases with low
geometric resolution. For the regular and high-precision use of the model in Hungary, it is
necessary that the files are based on entirely Hungarian databases and files built by individual
users. In this paper, we made a step-by-step introduction guide of the structure of the input
files from the basics and the available databases for their production. We listed the databases
that can be used to generate the files. At national level, few cities have a measuring network
density such as Szeged (Unger et al. 2017); in their case, the HMS and SYNOP databases
can serve as appropriate bases. For the albedo we used the free database of ECMWEF ERA
Interim (Berrisford et al. 2011), which available for everyone. The leaf surface index can be
obtained either by field measurements or from literature and modeled data. After obtaining
the data, it is important to load the equations accurately, as several other equations (e.g. R,))
are based on each basic equation.

With these steps, the UFORE-Hydro's adaptation in Hungary is feasible from the point
of view of meteorological data. The refinement of the databases is naturally desirable, but
the requirements of the model input parameter can be done with these solutions. By using
Hydro, we can obtain a picture of the current hydrology processes in the study sites, but as
we have the ability to run scenarios, it can also be used in urban planning. Research on a
small study site can contribute to a whole city level research. As a result of our adaptation,

15



Csete A K, Gulyds A

the input data comes from a reliable, accurate source, and can be extended to a significant
part of Hungarian cities.
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Summary: In this modeling study the recent and future daily and evening thermal climate of a Central-European
city (Szeged, Hungary) was investigated in terms of heat load modification by applying MUKLIMO 3 model to
project daily and evening climate indices. For surface parameterization the Local Climate Zone (LCZ) scheme was
used. The investigation encompassed three climatological time periods (1981-2010, 2021-2050 and 2071-2100)
and two emission scenarios for future climate (RCP4.5 and RCP8.5). Our results show that highest index values
appear in the city centre and stretch to the NW direction (LCZs 2, 3 and 8) and they decrease towards to the vegetated
rural surfaces (mainly LCZ D). That is, the values depend on the zone types and there are more days towards to the
densely built-up LCZs. Also, a general temporal change can be detected as the index patterns show the substantial
increasing tendency for both indices towards the end of this century. This temporal change suggests a two-way
conclusion: first, the increasing number of hot days means a strongly deteriorating change of unfavourable thermal
conditions, and second, the change in the number of the evening index provides more opportunities for regeneration
and leisure-time activities outdoors in the already thermally less stressful evening hours for the urban inhabitants.
This study gives very illustrative examples on the expected climate changes during this century and these examples
show that there are several sides to these changes in urban environments. Furthermore, they clearly prove that global
or regional scale climate predictions without urban climate interactions do not have enough detailed information.

Key words: urban heat load, climate indices, present, future scenarios, Central Europe

1. INTRODUCTION

Research on urban climate is focused on different climate modifications caused by the
built environments, in addition it also attempts to provide reliable projections for future
climatic situations at local scale. Urban population follows a rapidly growing trend (UN
2019) which underlines the importance of the role of urban climate research. In order to
reveal the effects of regional to local scale atmospheric phenomena, Regional Climate
Models (RCM) are applied. This type of models is nested into General Circulation Models
(GCM) whose output data serve as boundary conditions for the RCMs (McGregor 1997). To
predict future climate patterns it is necessary to expect different possible future anthropogenic
activity trends, therefore, the model runs are combined with future emission scenarios. In
recent years there are four scenarios called them as Representative Concentration Pathways
(RCP) distinguished by the enhanced radiative forcings resulting from different predicted
levels of greenhouse gas concentrations (Stocker et al. 2014).

To simulate these modified climatological processes in urban areas via numerical
models the spatial resolution of the models should be able to reflect the urban effects and the
varied urban surfaces need to be differentiated from natural landscapes (Oke et al. 2017).
MUKLIMO 3 (Sievers 1995), ENVI-met (Bruse and Fleer 1998) and Town Energy Balance
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models (Masson 2000) as specific urban climate models (UCM) are the most accurate
approaches for urban climate modelling (Hidalgo et al. 2008).

To reveal the joint effects of climate change and urban areas, both the RCMs and
UCMs are needed as they are able to deliver climate data on a regional scale and provide the
climate modification by cities, respectively. One of the several approaches for surface
parameterizations reflecting the effects of different surface units is the Local Climate Zone
(LCZ) scheme. It is a climate-based classification system categorizing the different land-use
areas by objectively quantified measures, that is, each zone is defined by its own geometric,
surface cover, thermal and radiative properties (Stewart and Oke 2012). Therefore, this
scheme can be used for surface input data for numerical modeling (Zuvela-Aloise 2017,
Kwok et al. 2019).

As the settlements have an additional temperature-rising effect, the so-called urban
heat island (UHI) phenomenon, the inhabitants of the strongly built-up and therefore less
vegetated cities suffer from this excess heat load more than their counterparts living in the
generally greener countryside, especially in heat wave periods (Hatvani-Kovacs et al. 2018,
Hintz et al. 2018). As the UHI is mostly pronounced in the nocturnal hours, this thermal
excess can be particularly dangerous at night causing, for example, higher mortality rate
(McGregor et al. 2015).

The paper focuses on the recent and future daily and evening thermal climate of a
Central-European city (Szeged, Hungary) by applying the MUKLIMO 3 microclimatic
numerical model (Sievers 1995). In the region of Szeged a warming trend can be anticipated
during the next decades (Skarbit and Gal 2016, Bokwa et al. 2018, 2019). The main purpose
of this study is to analyze and compare the patterns of the annual numbers of daily and
evening climate indices in the present (1981-2010) and in the periods of future climate
change (2021-2050 and 2071-2100) based on a relatively optimistic future emission scenario
(RCP4.5) and a much more pessimistic one (RCP8.5).

2. STUDY AREA, DATA AND METHODS

2.1. Study area and its land-use classes

Szeged (46.3°N, 20.1°E) is located in a flat terrain of south-eastern Hungary at about
80 m above sea level (Fig. 1). Its region belongs to the Koppen’s climatic class of Cfa
(temperate, no dry season, hot summer) (Koppen 1918, Unger et al. 2020). The city has
162,000 inhabitants and contains a densely and midlevel height built centre, openly arranged
blocks of flats, large areas of family houses as well as shopping centers and warehouses. The
rural areas around the city are mostly arable lands (e.g. maze) but in some places they are
interrupted by groves (Skarbit et al. 2017). The presented climatic parameters of Szeged
region (Table 1) are based on CRU TS v4.03 database (Harris et al. 2014).

The LCZ map of Szeged has a spatial resolution of 100 m (Fig. 1). The city centre
mainly consists of LCZs 2 and 3 (compact midrise and compact low-rise). Open midrise
(LCZ 5) can be found north, northeast and south from the centre. LCZs 6 and 9 (open low-
rise and sparsely built) occupies a large area south, north and northeast in the suburbs. LCZ
8 (large low-rise) covers a relatively large area in the northwest. Around the urbanized
districts the prevailing land-use types are low plants (LCZ D).
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These LCZ classes were used as input land-use data for the MUKLIMO 3 simulations
(see Section 2.2).
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Fig. 1 Land-use class map in and around Szeged based on the LCZ classification system (the study
area is indicated by black frame) (Skarbit and Gal 2016)

Table 1 Main climatic parameters (1986-2015) of Szeged region (Harris et al. 2014)

Mean annual temperature 11.9°C
Highest mean monthly temperature (July) 22.7°C
Lowest mean monthly temperature (January) 0.4°C

Mean annual amount of precipitation 508 mm

2.2. Urban climate modelling, climate indices

The model simulations at urban scale for this study were carried out with the non-
hydrostatic microclimatic MUKLIMO 3 model (Sievers 1995). For more details about the
model see Friih et al. (2011a), Skarbit and Gal (2016) and Zuvela-Aloise (2017).

For calculating climate indices the model needs climate input data. In this study results
from global and regional climate projections were used as input data (air temperature, relative
humidity, wind speed and direction) from the EURO-CORDEX projections (Jacob et al.
2014) with 0.11° spatial resolution (5 different GCMs and 3 different RCMs resulting 14
different simulations based on RCP4.5 and RCP8.5 scenarios). For the details about the
applied models see Gal et al. (2021).

The cuboid method was applied which is a practical interpolation technique including
meteorological data for a 30-year period without enormous computational efforts (Friih et al.
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2011a). In the case of urban heat load, it is assumed that only the 2-m air temperature (7), the
2-m relative humidity and the 10-m wind velocity are the contributing factors.

In this study, the annual numbers of hot days and beergarden days were considered as
climate indices measuring the urban heat load in the daytime and evening, respectively (Friith
etal. 2011b, Skarbit and Gal 2016). The definition of the hot day is when the daily 7.« equals
or exceeds 30°C. A beergarden day is a day when the T is at least 20°C at 20h (LST), that is
evenings people can sit in the open (in beergardens, restaurants, caffes, open-air theatres etc.)
at that time without feeling cold. These evenings are important from the point of view of
leisure-time quality in climatic zones characterized by a longer cold season. The patterns of
the index numbers were calculated both for the present and for the future for all scenarios.
The northwest and northeast directions were selected as prevailing wind directions for the
Szeged region (based on the data of nearby WMO station 12982).

3. RESULTS AND DISCUSSION

3.1. Present heat load patterns

Simulated patterns for the present (1981-2010) can be followed on Fig. 2. In this
period the number of hot days exceeds 30 in the city centre (Fig. 2a). Close to the centre
(LCZs 2 and 3) and both in the northern (LCZ 5) and in the northwestern parts of the city
(LCZ 8) there are 20-25 hot days per a year, while in the suburbs (LCZs 6 and 9) there are
only 10 to 20. In the large urban parks and green areas the values are below 10.

: :
—~— Water surface

o 10 20 30 40 50 60 70 80 100 120 140 160 180

Fig. 2 Patterns of the annual number of hot days (a) and beergarden days (b) in the present (1981—
2010) (the boundary of the built-up area is indicated by white-black dashed line)

The spatial distribution of the evening index in the present shows a bit similar pattern

(Fig. 2b). In the central areas (LCZs 2 and 3) the number of the beergarden days exceeds 150,
and the area of more than 140 extends NW following the industrial and warehouse zones
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(LCZ 8), as well as southwards (LCZ 5). In the suburbs (LCZs 6 and 9) this index is still over
120 while in the surrounding rural areas (mainly LCZ D) its number is between 100 and 120.

3.2. Future heat load patterns

~- Built-up area
—~ Water surface

0 10 20 30 40 50 60 70 80

Fig. 3 Patterns of the annual number of hot days in the periods of 2021-2050 (a, b) and 2071-2100
(c, d) based on RCP4.5 (a, ¢) and RCP8.5 (b, d)

Fig. 3 shows the patterns of the number of hot days for two future periods (2021-2050
and 2071-2100) based on RCP4.5 and RCP8.5 scenarios. In the period of 2021-2050 (Figs.
3a-b), the difference in the patterns between the two scenarios is not very significant: in the
city centre (LCZs 2 and 3) the number is around 30-35 although this area is larger in the case
of RCP8.5 as it covers some parts of LCZ 8 towards NW. The area of 20-30 is much more
extensive as stretches towards NW (LCZ 8), northwards and southwards (LCZ 5). In the case
of RCP8.5 the 20-day isoline extends a bit towards the SW (LCZ 6). It can also be seen that
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in the urban parks this index value remains below 10. In the surrounding rural areas (mainly
LCZ D) the annual number of hot days is also smaller than 10.

Based on the results of 2071-2100, the emission scenarios deliver two distinct
outcomes (Figs. 3¢ and 3d). When the emissions decline at the end of the century (RCP4.5)
(Fig. 3c¢), the further warming is slight comparing to the period of 2021-2050 (Fig. 3a). The
city centre (LCZs 2 and 3) has an additional number of about 10 (40-45 hot days a year).
Close to the centre there are 30-40 hot days with a larger area of 20-30 stretching towards
NW, while in the suburbs (LCZs 6 and 9) their numbers are still over 20 days. Urban green
spaces and rural areas remain cool in this case (hot days less than 10).

~- Built-up area
—~ Water surface

Fig. 4 Annual number of beergarden days in the periods of 2021-2050 (a, b) and 2071-2100 (c, d)
based on RCP4.5 (a, ¢) and RCP8.5 (b, d)

In the case of the pessimistic scenario (RCP 8.5) the daily heat load drastically

increases in the whole domain (Fig. 3d). In the city centre and NW to it (LCZs 2, 3 and 8)
the number of hot days exceeds 60 a year which is a 30-day rise compared to the earlier
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periods (Figs. 2b and 3b). In addition, almost the entire built-up area experiences more than
40 hot days. Even the surrounding rural areas (mainly LCZ D) has the index number of about
20. Like cool islands, the larger city parks experience a relatively smaller levels of heat load
(20-30 hot days).

The number of pleasant evenings (beergarden days) in the future periods can be
followed by Fig. 4. In the period of 2021-2050 (Figs. 4a and 4b), the difference in the patterns
between the two scenarios is minor: in the city centre (LCZs 2 and 3) the number is over 150
although this area is larger in the case of RCP8.5 as it covers some parts of LCZ 8 towards
NW. The area of over 140 is much more extensive stretching towards NW (LCZ 8),
northwards and southwards (LCZ 5), moreover, in the case of RCP8.5, also to the east (LCZ
6) and the SE (LCZs 6 and 9) (Fig. 4b). In the urban parks this evening index value remains
below 120 and in the rural areas the values are between 120 and 130.

In the period at the end of the century, according to the favorable scenario, the number
of beergarden days in the wider central areas (LCZs 2, 3 and 8) is over 150, moreover, even
in a limited downtown area, it even exceeds 160. The isoline of 140 surrounding the interiors
in the present period (Fig. 2b) now practically frames the entire urban area (Fig. 4c). By this
time, the city parks and the rural areas near the suburbs can be characterized by index values
of 130-140, and they fall below 130 only further away from the built-up parts.

In the case of RCP 8.5 the evening measure drastically increases both in the urbanized
and rural areas (Fig. 4d). In the city centre and NW of it (LCZs 2, 3 and 8) its values exceeds
170 rising 20-30 days compared to the earlier periods (Figs. 2b and 4b). In most parts of the
city the index value is above 160, but it is above 150 even in the suburbs. The urban green
spaces and the rural areas can also be characterized by the pleasant evenings of at least 140.

4. CONCLUSIONS

In this paper a modelling study was presented by applying the MUKLIMO 3 urban
model (Sievers 1995) in order to project the recent and future daily and evening thermal
climate of a Central-European city (Szeged, Hungary). The model is able to reveal the
microscale climatic effects of different of land-use types, namely the thermal effect of the
elements of the LCZ scheme (Stewart and Oke 2012). This study intended to highlight the
joint thermal effects of urban climate and global climate change. Our main purpose was to
analyze and compare the annual patterns of the daily and evening climate index values in the
present (1981-2010) and in the periods of future climate change (2021-2050 and 2071-2100)
based on optimistic (RCP4.5) and pessimistic (RCP8.5) future emission scenarios.

According to the obtained patterns the areas with the largest index values appear in
the city centre extended NW to it (LCZs 2, 3 and 8) as well as the values decrease towards to
the vegetated rural surfaces (LCZ D). That is, the values depend on the zone types and there
are more days towards to the densely built-up LCZs. Additionally, a general temporal change
can be detected as the index patterns show the substantial increasing tendency for both indices
towards the end of this century. Table 2 helps to summarize the main trends in the change
that are expected in the future. It contains the change in the numbers (rounded to ten) of the
hot and beergarden days in the city centre between the recent (1981-2010) and future
simulated cases (2021-2050 and 2071-2100), as well as the differences between the rural
and central areas.
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Table 2 Increase of the hot and beergarden days in the city centre (LCZ 2) between the recent (1981—
2010) and future simulated cases (2021-2050 and 2071-2100) based on the RCP4.5 and RCP8.5
scenarios, as well as the differences (in paranthesis) between the rural (LCZ D) and centre (LCZ 2)
areas (the numbers are rounded to ten)

Climate index Present period Scenario Future periods
1981-2010 2021-2050 2071-2100
RCP4.5 0 (30) 10 (40)
hot days 0(30) RCP8.5 0 (40) 30 (50)
RCP4.5 10 (40) 10 (40)
beergarden days 0 (30) RCP8.5 20 (50) 30 (40)

As Table 2 shows, the change in the period of 2021-2050 compared to the reference
period and the difference between the two scenarios is slight, although in the case of the
evening index the increase is twice as large for scenario RCP8.5 (20 days) as for the optimist
one. In contrary, in the distant future the increase is more significant and the two scenarios
project different patterns in terms of the index value magnitudes.

However, drawing conclusions from these temporal changes in the index values in an
urban environment points in two directions:

(1) On the one hand, the increasing number of hot days expresses a strongly
deteriorating change in unfavourable and stressful thermal conditions until the end of the
century.

(1) On the other hand, the change in the number of the evening index can actually be
considered a positive development, as it provides more opportunities for regeneration and
leisure-time activities outdoors in the already thermally less stressful evening hours for the
urban inhabitants.

The obtained results are very illustrative examples for the demonstration of the
expected changes of the climate during this century and these examples show that there are
several sides to these changes in urban environments. Furthermore, they clearly prove that
global or regional scale climate predictions without urban climate interactions do not have
enough detailed information for urban planners or local authorities.
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Summary: Predictive models for urban air temperature (T.;) were developed by using urban land surface
temperature (LST) retrieved from Landsat-8 and MODIS data, NDVI retrieved from Landsat-8 data and Ty
measured by 24 climatological stations in Szeged. The investigation focused on summer period (June—September)
during 2016-2019 in Szeged. The relationship between T, and LST was analyzed by calculating Pearson correlation
coefficient, root-mean-square error and mean-absolute error using the data of 2017-2019, then unary (LST) and
binary (LST and NDVI) linear regression models were developed for estimating T, The data in 2016 were used to
validate the accuracy of the models. Correlation analysis indicated that there were strong correlations during the
nighttime and relatively weaker ones during the daytime. The errors between Tai and LSTyopis-nigne Was the smallest,
followed by LSTwopis-pay and LS Tiangsar-s respectively. The validation results showed that all models could perform
well, especially during nighttime with an error of less than 1.5°C. However, the addition of NDVI into the linear
regression models did not significantly improve the accuracy of the models, and even had a negative effect. Finally,
the influencing factors and temporal and spatial variability of the correlation between T, and LST were analyzed.
LSTandgsar-s had a larger original error with Ty, but the regression model based on Landsat-8 had a stronger ability
to reduce errors.

Key words: Surface temperature, air temperature, NDVI, correlation and error analysis, predictive model, Szeged

1. INTRODUCTION

Urbanization is characterized by extensive land use transformation and altered surface
thermal characteristics (Kalnay and Cai 2003, Shiflet et al. 2017). By changing the material
and energy flows, urbanization has transformed the natural ecosystem to a coupled human
and natural system, which inevitably has resulted in various effects on the eco-environment,
including effects on the urban thermal environment, especially in urban regions having
intensive population and high building density (Peng et al. 2016). One representative effect
on the urban thermal environment is the appearance of urban heat island (UHI), a
phenomenon where urban areas experience a higher temperature relative to their rural
surroundings, especially at night (Oke 1987). There are two main approaches to quantify UHI
including measurement of air temperature (Ta.r) in the canopy layer and land surface
temperature (LST) (Schwarz et al. 2011, Sheng et al. 2017).

Due to the respective characteristics of these two types of temperature, the most
common data sources used in studies on T, and LST differ substantially (Oke et al. 2017,
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Schwarz et al. 2012). For Tair collection, field measurements are generally used including
fixed and mobile meteorological stations (Li et al. 2020, Unger et al. 2009). However, the
limitation of number and uneven distribution of meteorological stations are serious
shortcomings for T measurement in most urban areas, especially the lack of observations
in densely built-up areas where the UHI effect is the strongest (Ho et al. 2016, Sheng et al.
2017); as for mobile measurement, in addition to the above problems, the accuracy of
measurement is affected by the observation methodological design and route selection (Zhou
et al. 2019). For LST data collection, the most common method is retrieving from satellite
data (Tsou et al. 2017). Besides, infrared aircraft and camera are also used in some researches
at local or street scale (Kelly et al. 1992, Unger et al. 2010). However, shortcomings still
exist in these remote methods, such as limitation by weather conditions and observation
frequency (Yang et al. 2020).

The interaction and correlation between urban T and LST have been proven in many
studies (Roth et al. 1989, Schwarz et al. 2012), but it is worth noting that there are large
differences between these two temperatures as a result of a high degree of spatial
heterogeneity in thermal characteristics associated with urbanization (Prihodko and Goward
1997, Oke et al. 2017). In many studies on estimation of T based on remote sensing data,
the Tair samples are scarce due to the lack of stations, and most of them are located in the
suburbs far from the city centre, which cannot reflect the intra-urban air thermal environment
exactly (Sheng et al. 2017, Pelta et al. 2016).

In our investigation, 24 meteorological stations, which were installed based on LCZs
(Stewart and Oke 2012) and can represent all types of urban land covers in Szeged, were used
to measure T, (Unger et al. 2014). The objectives of our study are: (1) to analyse the
connection between T. and LST by using data from 2017 to 2019 and develop unary
regression models for estimating T based on LST; (2) to validate the performance of the
regression models by using data in 2016; (3) to add Normalised Difference Vegetation Index
(NDVI) as the second independent variable to the regression models to develop binary
regression models for T estimation and analyse the impact of NDVI on Tair; (4) to analyse
the influencing factors on the relationship between T, and LST.

2. MATERIAL AND METHODS

2.1. Study area

We carried out our investigation in Szeged (46.3°N, 20.1°E), which is the largest city
with a population of 162 000 in the southern region of the Great Hungarian Plain. The study
area is a large flood plain and about 79 m above sea level. Tisza River passes through the
city, but it is relatively narrow and its influence is negligible (Unger et al. 2001). This area is
in Koppen's climatic region Cfa (Unger et al. 2020) with an annual mean temperature of
11.9°C, an amount of yearly precipitation of 508 mm, sunshine duration of 2049 hours and
frequent drought (Harris et al. 2014). The study area covers a 10 km x 8 km rectangle in and
around Szeged (Fig. 1).

2.2. Satellite data

In our study, LST were retrieved from Landsat-8 and MODIS. Our investigation
focused on one season period from June to September during 4 years (2016-2019).
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According to the weather condition, we selected 13 cloud free days to collect temperature
data in Szeged region. Both Landsat-8 and MODIS are avaliable in these 13 days. However,
the data in some pixels of satellite images, especially at night, and some Tair obtained from
meteorological stations are missing. After pairing LST with T,;:, we got the final temperature
data pairs (Table 1).
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Fig. 1 Geographical location of Szeged and LCZs map of the study area with station sites of the
urban meteorological network (marked by green crosses and digits referring to the zones) (Unger et
al. 2018). For the explanation of LCZ classes see Stewart and Oke (2012).

Table 1 Information about the satellite data

Data source Resolution Observation time (UTC) Amount of pairs of T and LST

2016 2017-2019
LST-Landsat-8 100 m 9:27 91 167
LST-MODIS-day 1000 m 10:54, 12:36 181 325
LST-MODIS-night 1000 m 1:30, 20:24 160 179
NDVI-Landsat-8 30 m 9:27 91 167

All processing and calculations of satellite data were carried out in Google Earth
Engine (GEE) platform. GEE is a cloud computing platform designed to store and process
huge data sets (at petabyte-scale) for analysis and ultimate decision making (Kumar and
Mutanga 2018). Following the free availability of Landsat series in 2008, Google archived
all the data sets and linked them to the cloud computing engine for open source use. The
current archive of data includes those from other satellites, as well as Geographic Information
Systems (GIS) based vector data sets, social, demographic, weather, digital elevation models,
and climate data layers (Mutanga and Kumar 2019). The LST retrieval process was
performed in the background on the Google cloud computing servers, with direct access to
the GEE satellite data catalogue. Therefore, the application needs only a few seconds to
produce Landsat-8 LST with no need for any computational resources from the user
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(Parastatidis et al. 2017). In our investigation, the applications of GEE include LST retrieval
from Landsat-8 and MODIS datasets, calculation of Normalized Difference Vegetation Index
(NDVI) with Landsat-8 data and distance-weighted average calculation of LST and NDVIL.
All of the images were projected to UTM zone 34N and keep their original resolution.

(1) NDVI

NDVI image shows the vegetation extent of the area by analysing near-infrared and
red spectral band data. NDVTI is the index of photosynthetic activity in plant and it is the most
commonly used vegetation spectral indices for crop growth monitoring (Pirotti et al. 2014).
In this research, the purposes of calculating NDVI are: (1) to calculate the land surface
emissivity (t) for LST retrieval from Landsat-8 (Molnar 2016); (2) to create the binary
regression model for T estimate. As the resolution of Landsat-8 (30 m) is higher than
MODIS (250 m — 1 km), NDVI was calculated with Landsat-8 data according to the
following equation (Tucker 1979):

where b5 is the reflectance of near-infrared band and b4 is the reflectance of red band in
Landsat-8 dataset.

(2) LST retrieval from satellite data

The Radiative Transfer Equation method was used to retrieve LST from Landsat-8
data. In this method, the main task is removing the atmospheric attenuation effects and
calculation of land surface emissivity (Yu et al. 2014). The atmospheric profile was extracted
from NASA’s Atmospheric Correction Parameter Calculator (Barsi et al. 2003), which uses
the National Centres for Environmental Prediction modeled atmospheric global profiles for
a particular date, time and location as input. Then, the Moderate Resolution Atmospheric
Transmission model was used to simulate atmospheric transmittance, upwelling and
downwelling. The whole process can be expressed as the following equations:

L,=[eB(Ts)+(1-e)L Jr+L’

[LX—LT—T(I—S)LL]

B(T)=———

where L is the at-sensor radiance, L' is the upwelling atmospheric radiance, L; is the
downwelling atmospheric radiance in Wm™sr'um™, 1 is the total atmospheric transmissivity
between the surface and the sensor, and ¢ is the land surface emissivity, which can be
calculated based on NDVI (Qin et al. 2004, Sobrino et al. 2004), B (T;) is the radiance of a
blackbody target of kinetic temperature Ts in Wm™sr'um'. Then an inversion of Planck’s
Law was applied to derive the kinetic skin temperature using the following equation:
K,

K

_K
In B(T )1

T&=

where K; and K are the thermal band calibration constants found in the Landsat-8 metadata
files (K1=774.89, K,=1321.08).
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As for MODIS data, the daily LST and Emissivity products were used over Szeged.
The version-5 products from 2016 to 2019 were collected for this study, which are
abbreviated as MOD11A1l and MYD11A1 and have a spatial resolution of approximately 1
km (Sun et al. 2015, Wan 2008). MODIS data were collected by both the Terra and Aqua
Sun-synchronous satellites. Terra passes the equator from north to south (descending node)
at approximately 10:30 a.m. and Aqua passes the equator from south to north (ascending
node) at approximately 1:30 p.m. local time. The land-surface thermal radiation can be
obtained at least four times each day in our study area. Nevertheless, there are some areas
without LST data in MODIS images, especially at night, so the final daytime data is twice
the night-time data. The details of NDVI and both LSTs from Landsat-8 and MODIS are
shown in Table 1.
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Fig. 2 Examples of spatial patterns of LST and NDVI: (a) and (c) LST and NDVI from Landsat-8,

2017-06-24, 9:27 (UTC), respectively; (e—h) LST from MODIS MOD11A1 and MYD11A1, 2016-

07-07, 1:30, 10:54, 12:36 and 20:24 (UTC), respectively; (b) and (d) distance-weighted average of
LST and NDVI, respectively
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(3) Distance-weighted average

MODIS and Landsat-8 images have different spatial resolutions. Therefore, to be
comparable and usable in statistical analysis, the distance-weighted spatial average of NDVI
and LSTrandsar-s Was calculated. As shown in Figs. 2b and d, the value in each pixel is the
distance-weighted average of all pixel in a 1 km square centered this pixel (Unger et al. 2009).
Considering that the Tai: is affected by LST and air turbulence and these influence factors on
Tairat 4 m height may extend over a local scale, hence it is reasonable to choose the range of
1 km to calculate the spatial average LST. This calculation process was carried out in GEE.
As for the MODIS data, we used the original value (Fig. 2).
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2.3. T, data collection

T.ir data were obtained from a meteorological monitoring network in Szeged. This
monitoring network was established in Szeged within the framework of an EU project
(URBAN-PATH 2016, urban-path.hu). 24 stations were installed to measure T, and relative
humidity every 10 minutes. The locations of the stations were selected based on the
distribution of LCZs in Szeged (Lelovics et al. 2014, Unger et al. 2018). All of stations have
to be representative of the LCZs within the city and spatial pattern of the network has to be
capable of revealing the spatial structure of the UHI (Unger et al. 2015). The accuracy of the
thermal sensors is 0.4°C. The consoles are mounted on lamp posts at the height of 4 m above
the ground for security reasons. As the air in the urban canyon is well-mixed, the temperature
measured at this height is representative of the lower air layers (Nakamura and Oke 1988,
Unger et al. 2014). When we paired T with LST, if their observation time was not exactly
synchronous, we chose the closest Tair to the LST with the temporal interval of less than five
minutes (Gal et al. 2016).

2.4. Methods of statistical analysis

Statistical analysis was performed by SPSS 25.0 and Microsoft Excel 2019.
Correlation, error and regression analysis were employed in this study. Pearson correlation
coefficient (r) was computed to evaluate the correlation between LST and Tair. Root-mean-
square error (RMSE) and mean-absolute error (MAE) were computed to quantitatively
evaluate the difference between LST and Tair. Then, linear regression models were created to
estimate Tqir based on LST and NDVI during 2017-2019. Finally, the Tair, LST and NDVI
data in 2016 were used to validate the performance of these models. For this validation, the
RMSE and MAE between estimated Tair and measured T, were calculated and compared
(Janssen and Heuberger 1995, Hrisko et al. 2020). The unary and binary regression models
are shown as the following equations:

Tair=a-LST+e
T,,=a-LST+b-NDVI+e

3. RESULTS

3.1. Connection and error analysis between T, and LST

Relationships between Tur and LST over 9-day periods from 2017 to 2019 were
calculated using 671 data pairs (Fig. 3). As error analyse (RMSE and MAE) shows (Fig. 3
a—c), errors between Tair and LSTrangsar-s were largest with an RMSE of 6.1°C and an MAE
0f 5.6°C, and the errors between Tair and LSTmopis-pay were relatively smaller with an RMSE
0of 4.2°C and an MAE of 3.6°C, the smallest errors (RMSE=2.3°C and MAE=2.0°C) appear
at night when LSTwmopis-night Were used to compare with T,;r. In Pearson’s correlation analysis,
the stronger connection between T.r and LST appears at night (LSTwmobis-Night, 1=0.97,
P<0.01) compared with LSTrangsar-s (1=0.89, P<0.01) and LSTwmobis-pay (=0.89, P<0.01). In
general, the difference between T and LST varies from day to night; Tair has a stronger
connection and smaller errors with LST at night. When the influence of solar radiation ceases,
the energy exchange between air and surface tends to be stable at night; the difference
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between T, and LST decreases and the correlation increases significantly, which is the same
as the results of previous studies (e.g. Sun et al. 2015). LSTwmopis-pay has the same connection
but smaller errors with T compared with LSTandsar-s, Which may be caused by the inherent
differences between these two data sources and their different observation time.
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Fig. 3 (a), (b) and (c): Results of regression, correlation and error analysis between Tair and
LSTLandsat-8, LSTmobIS-Day and LS Tmopis-Night, respectively, from 2017 to 2019; (d): The error analysis
between observed Tair and estimated Tair in 2016

3.2. Development and validation of regression models

The differences between T.r and LST are obvious and unignored, despite their
moderate to high correlation. So we trained regression models based on T, and LST data
during 2017-2019 to estimate Ty (Fig. 3a—c). The results showed that the value of R? was
0.79 (P<0.01) when LSTrandsat-8 and LSTwmopis-pay were used in models, which means 79% of
the variation of Tair can be explained by the LST. In addition, the night-time model, with a
higher R?0f 0.97 (P<0.01), can perform better than that during daytime, which means almost
all of the variation of Tai; can be explained by the LST. Then, these regression equations were
validated by using the LST data in 2016. We estimated T, basing on LSTrandsars and
LSTwmopis in 2016 and calculated the RMSE and MAE between real T, and estimated Tair
(Fig. 3d). The results indicated that all models could reduce the error to less than 2.5°C,
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especially when LSTwyopis-night Were used in the model with an RMSE of 1.3°C and MAE of
1.0°C, which means that Ta;; can be accurately estimated using only LST at night.
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Fig. 4 (a) Average of LST, Tair and the difference between LST and Tair (AT) at 5 observation time
(9:30, 11:00, 12:40, 20:40 and 1:30); (b) The difference between original errors and estimated errors;
(c) and (d): Mean value of Tair, LST and temperature difference (AT) between Tair and LST by LCZs

during daytime and nighttime, respectively

In consideration of the effect of vegetation on the urban thermal environment (Shiflett
et al. 2017), we tried to add NDVT into the regression models to develope binary regression
models. The coefficients of determination (R?) of models based on LSTandsat-8, LSTmoDIS-Day
and LSTwmobis-nignt were 0.80, 0.80 and 0.95 (P <0.01), respectively, which means that these
models can effectively estimate Tair. In order to compared with unary regression models, we
calculated the RMSE and MAE between observed Tair and estimated Tai based on both
models without and with NDVI (Fig. 3d). Unexpectedly, we saw a slight increase in errors
when binary regression models were used, only RMSEwmopisnighi and MAEwmopis-pay
decreased from 1.3°C to 1.2°C and from 2.0°C to 1.9°C, respectively. This results indicate
that the role of urban vegetation may not be important for estimating Tai.
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4. DISCUSSION

4.1 Comparison of Landsat-8 and MODIS

The results of Section 3.1 showed that T, had the same connection with LSTLandsat-8
as with LSTwmopis-pay. However, it should be noted that errors between Tair and LSTrandsat-s are
obviously higher than errors between T, and LSTwmopis, which is mainly the result of high
LSTrandgsar-8- We calculated the average of LST, Ta;r and the difference between LST and Tair
(AT) at 5 observation time (9:30, 11:00, 12:40, 20:40 and 1:30, Fig. 4a). When Landsat-8
was used to retrieve LST (9:30), the average LSTrangsars Was relatively higher than the
average LSTwmopis at 11:00, which was inconsistent with the fluctuation of Tur. This
differential can be explained by the inherent error between Landsat-8 data and MODIS data,
which caused the highest AT, RMSE and MAE at 9:30.

We also compared the performance of regression models based on LSTiandats,
LSTwmobis-pay and LSTwmobis-night by calculating ARMSE and AMAE (Fig. 4b). We found that
the model based on LST1andsar-s could reduce the errors by nearly 4°C, which was the largest
among these three values presented. Furthermore, the errors based on LSTrangsars were
smaller than that based on LSTwmobis-pay after regression calculating (Fig. 3d), indicating that
Landsat-8 data can perform better than MODIS-Day data in T estimation. On the one hand,
the larger difference between LST1andsar-8 and Tair caused the possibility of larger ARMSE and
AMAE; on the other hand, the climatological stations were not accurately located in the
center of each pixel as a result of the wide pixel range of MODIS images, which caused a
spatial error between T and LSTwmonis. This spatial error likely caused the differential of
performance of estimation models based on MODIS-Day and Landsat-8 data.

4.2 Spatio-temporal variability of Tair and LST

As mentioned in Section 2, all 24 climatological stations are located in specific LCZs
which are distinguished based on the characteristics of land surface (Lelovics et al. 2014,
Unger et al. 2018). We calculated the mean value of Tair, LST and temperature difference
(AT) between T,ir and LST in each specific LCZ. As shown in Fig. 4c and 4d, the difference
of LSTs among these LCZs were distinct, which indicated that the spatial variability of LST
was greater than T, during daytime. According to Oke et al. (2017), the variability in
geometric, radiative, thermal, moisture and aerodynamic properties of urban surface underlie
the greater spatial variability of LST compared to Tair, particularly during daytime. At that
time, the most dominant surfaces with relatively high LST are roads, residential and industrial
areas, etc. which are covered by artificial pavements, such as LCZs 2, 3 and 8. These areas
are characterized by higher thermal conductivity and heat capacity, and in addition, there is
less evaporative cooling effect over these surfaces. The influencing factors on T are
different from the ones on LST. T is mainly affected by radiation, conduction and
convection. During daytime, T is characterized by relatively high homogeneity as a result
of country breeze and local airflow (Beranova and Huth 2005), which usually causes UHI to
decline or even disappear. At night, Tai has a similar spatial variability to LST when country
breeze and local airflow weaken and longwave radiation of surface dominates. Because of
the spatial variability of T, and LST, the spatial variability of AT is also obvious.
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5. CONCLUSIONS

This study utilized Landsat-8 data and MODIS data to retrieve urban land surface
temperature (LST) and measured urban air temperature (Tir) by 24 climatological stations in
the period 0f 2016-2019 in Szeged. We compared LST and T by using error and connection
analysis, then we developed and validated regression equations for estimating Tair based on
LST, NDVI and T Finally, by calculating the mean of LST, T and their difference at
specific observation time and LCZ, we analysed the influencing factors on the relationship
between T, and LST. Based on our research results, we conclude:

(1) Tair and LST have a strong enough correlation during both day and night. The
correlation at night is stronger (r=0.97) with lower errors (RMSE=2.3°C and MAE=2.0°C)
and better regression model performance (R?=0.95, P<0.01);

(2) All regression models can effectively estimate T, especially at night. The errors
can be reduced below 2.5°C during the day and below 1.5°C at night. NDVI cannot enhance
the performance of the T, prediction models. On the contrary, a slight weakening can be
observed when NDVI was added in models;

(3) The difference between LSTrandsar-s and LSTmopis is obvious in Tair estimation,
which indicated that we should consider this difference when combining different satellite
data. The difference in the temporal and spatial resolution of satellite imagery, as well as
certain weather conditions, are limitations on the use of remote sensing data;

(4) The relationship between LST and T has obvious spatial and temporal variability.
LST is higher than T, during daytime, and the opposite is true at night. The difference
between T, and LST is relatively high in LCZs 2, 3 and 8 with more artificial surfaces.

Overall, in our study, 24 climatological stations distributed in 7 LCZs were used in
and around urban area of Szeged, which is our advantage in Tai- estimate compared with other
studies. The models developed for estimating Tair make it possible to use LST as a substitute
for T.ir measurement in cities without enough climatological station.
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Summary: The overview summarizes briefly the contents and results of the papers published in journals dealing
with urban heat island investigations in Szeged, Hungary between 1980 and 2020. The thermal data they used came
from urban station networks, mobile measurements, local-scale simulations as well as aerial and satellite images.
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1. INTRODUCTION

This paper lists in chronological order the papers published in journals (in Hungarian
and in English) related to the urban heat island (UHI) investigations in Szeged (Hungary)
over the last forty years. It summarizes the contents and results of the papers briefly, partly
based on their edited, abbreviated abstracts when available. The overview focuses on the
period of 1980-2020 taking into account the first published article on the subject (Karossy
and Gyarmati 1980).

The studies listed relied essentially on four thermal data sources in Szeged, namely:
(i) manually observed data of the first urban network (11 stations) working between 1977
and 1981; (ii) city-wide mobile measurements between 1999 and 2003, as well as in 2008;
(iii) automatically observed and stored data of the second urban network (24 stations)
working from 2014; (iv) data of local-scale simulations from 2016. There are a few studies
which analysed in part other data sources (e.g. aerial and satellite images). From 2013 most
studies used the Local Climate Zone (LCZ) system to characterize the different land use/land
cover types in and around the urban area.

Szeged is a medium-sized city with a population of around 160 thousands. It is located
in the south-eastern part of Hungary (46.3°N, 20.1°E) at 79 m above sea level on a flat flood
plain. The River Tisza passes through the city, otherwise, there are no large water bodies
nearby. The river is relatively narrow and according to our earlier investigation its influence
is negligible (Unger et al. 2000, 2001e). These environmental conditions make Szeged a
suitable place for studying of an almost undisturbed urban climate.

Most of the territory of Hungary belongs to Koppen's climatic region Cf (temperate
warm climate with a fairly uniform annual distribution of precipitation). Climatic subregions
are distinguished using the mean temperature of vegetative season (tys in °C) and aridity
index (H = Q*/(Ly-P) where Q* is the annual mean net radiation in MJm2, Ly is the latent
heat of evaporation in MJkg™! and P is the annual mean precipitation in kgm2). Szeged is in
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the ,,warm-dry” subregion by this classification which is characterized by tvs> 17.5°C and
H > 1.15 (slightly arid). Two half years can be distinguished as the heating (from October
until April) and the non-heating (from April until October) seasons. Szeged has an
administration area of 281 km? but the urbanized area covered only about 40 km?. The base
of'its street network is a circuit-avenue system. Different land-use types are present including
a densely-built centre with medium-wide streets (LCZs 2 and 3) and large housing estates of
high concrete buildings set in wide green spaces (LCZ 5). There are zones used for industry
and warehousing (LCZ 8), areas occupied by detached houses (LCZs 6 and 9), considerable
open spaces along the riverbanks, in parks, and around the city’s outskirts (LCZs D and C)
(Unger et al. 2004, 2015).

2. CHRONOLOGICAL LISTING
2.1. Studies based on the data of the first urban station network

Development of urban heat island in the air of Szeged (Karossy, Gyarmati 1980):

This paper used the data series of the 11-station network in Szeged. The temperature
values were read manually at 4 times per day. The minimum and maximum temperature
values of the cloudless and calm days between 1977 and 1979 were examined. There were
123 days in this period which were all connected with anticyclonic weather types. The
authors averaged the temperature values by seasons and drew the isolines of urban-rural
differences for both extreme temperatures. The isolines of mean differences took form most
typically in winter in both cases (the differences in minimum temperature exceed 3°C in the
city centre).

Urban climate measurements in Szeged (Pelle 1983):

This study dealt with the effects of a strong strong cold front of 19th February 1978
for a few days on the urban-rural differences of minimum temperature based on the data
series of the above mentioned station network in Szeged. The isotherms of the differences
were drawn for each day. On the first day the differences were normally, but on the 20th they
suddenly increased (the excess of the centre was over 8°C), then they gradually decreased on
the 21st and 22nd. So it could be seen that very remarkable temperature differences can
develop in certain macrosynoptical situations between the city and its rural surroundings.

The seasonal system of urban temperature surplus in Szeged, Hungary (Unger
1992a):

This study investigated the magnitude and pattern of the urban temperature surplus
based on the station network of Szeged between 1977 and 1980 and focused on the sunny,
advection-free days. By the help of the seasonal means calculated from the daily mean
temperatures of such days, the seasonal patterns of the temperature excess were presented.
Accordingly, the city centre was averagely 1.5—2.1°C warmer than the surroundings, but the
urban-rural temperature difference exceed even 2.5°C.
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Diurnal and annual variation of the urban temperature surplus in Szeged, Hungary
(Unger 1992b):

This paper examined the relationship between the urban morphological types of
Szeged and the urban heat excess from 1978 to 1980. The monthly mean temperature
differences of several stations representing different built-up areas reflected the built-up
densities differently by months and by observation times. The temperature increasing effect
of the city appeared in the centre most obviously and the largest differences occurred at 1h
at night in early autumn (over 4°C). The row of built-up types as a funcion of decreasing heat
excess were as follow: housing estate with tall concrete buildings, loosely built inner area,
area between outskirts and housing estate with tall concrete buildings and outskirts.

Some features of urban influence on temperature extremities (Unger, Ondok 1995):

This paper dealt with the influence of different built-up areas on the spatial
distribution of numbers of summer, winter and frost days, as well as of dates of the last and
first frost days and the length of the frost-free period based on the data series of the urban
network in Szeged. The results revealed that the distribution patterns largely depended on the
density and building materials of the built-up areas.

Heat island intensity with different meteorological conditions in a medium-sized
town: Szeged, Hungary (Unger 1996a):

In this study the thermal effects of Szeged was investigated based on minimum
temperatures of urban and rural stations between 1978 and 1980. The UHI effect was
examined by revelation of the relationships between UHI intensity and macrosynoptic types,
cloudiness, wind speed as well as the combination of cloud amount and wind speed.
Anticyclonic weather situations, little or no cloud coverage, and calm or slight wind were
favourable for a strong development of the heat island effect. In the case of extreme UHIs
the domination of anticyclonic weather types was almost absolute.

Relationship between urban heat island and wind on the example of Szeged (Unger
1996b):

In this study the relationships between UHI intensity and wind speed/directions were
investigated based on measurements of urban and rural stations between 1978 and 1980 in
Szeged. As the results showed the relationship between wind speed and UHI was reversed,
the stronger the wind, the weaker the intensity. Additionally, the UHI was stronger in the
case of western wind, which could be explained by the fact that the rural station was located
west of the city.

Urban-rural difference in the heating demand as a consequence of the heat island
(Unger, Makra 2007); The effect of urban heat island on heating energy demand in
Szeged (Unger 1997):

The database of these studies was provided by an urban-rural meteorological station-
pair in the period of 1978—1980 in Szeged. The climatic characteristics of the region in the
mentioned three years and in the period of 1961-1990 did not show significant differences,
which was certified by the application of a special case of the Student t-test. Therefore, the
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results, related to the climate-modifying effect of the city, could be extended to a longer
period as well. According to the results, the development of the UHI reduced the number of
heating days (HD) and heating degree-days (HDD) thus it reduced the duration of the heating
season and the quantity of energy consumption in the city. Monthly means of the urban and
rural HDs and HDDs showed that the heating season was shorter by more than 3 weeks and
the energy demand was about 10% lower in the city than in the rural areas.

2.2. Studies based on mobil measurement data

A model for the maximum urban heat island in Szeged, Hungary (Unger et al. 1999a);
The spatial extent of the maximally developed urban heat island in spring in Szeged
(Unger et al. 1999b):

In these studies the efforts concentrated on the investigation of maximum
development of the UHI in Szeged based on mobile measurements in the spring of 1999.
Tasks included the determination of spatial distribution of mean maximum UHI intensity and
modelling the existing conditions in the measurement period. Statistical methods were used
to examine the effects of invariable parameters (land-use characteristics, distance from the
city centre determined in a grid network) and by variable parameters (wind speed,
temperature) on thermal conditions. The results indicated isotherms increasing in rather
regular concentric shapes from the suburbs toward the inner urban areas. Strong relationship
existed between urban thermal excess and land-use features. In addition, meteorological
conditions determined to a great extent the UHI intensity at the time of its maximum
development.

Land-use and meteorological aspects of the urban heat island (Unger et al. 2001b):

This study examined the influence of urban and meteorological factors on the near-
surface air temperature field of Szeged, using mobile and stationary measurements under
different weather conditions between March and August 1999. Tasks included the
determination of the spatial distribution of seasonal mean maximum UHI intensity and
modelling of existing conditions. Multiple correlation and regression analyses were used to
examine the effects of urban parameters (land-use characteristics and distance from the city
centre determined in a grid network) and of meteorological parameters (wind speed,
temperature) on thermal conditions in the study area. The results indicated isotherms
increasing in regular concentric shapes from the suburbs towards the inner urban areas where
the mean maximum UHI intensity reaches more than 3°C in the studied periods. Strong
relationship existed between urban thermal excess and distance, as well as built-up ratio. In
contrast, meteorological conditions did not have any significant effect on the UHI intensity
at the time of its maximum development.

Urban heat island development affected by urban surface factors (Unger et al. 2000);
Urban temperature excess as a function of urban parameters in Szeged, Part 1:
Seasonal patterns (Unger et al. 2001c); Urban temperature excess as a function of
urban parameters in Szeged, Part 2: Statistical model equations (Unger et al. 2001a):

These studies examined the spatial and quantitative influence of urban factors on the
air temperature pattern of Szeged using mobile measurements under different weather
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conditions between March 1999 and February 2000. Their efforts concentrated on the UHI
in its peak development during the diurnal cycle. Tasks included the determination of spatial
distribution of mean daily maximum UHI intensity, using of standard kriging procedure and
the determination of statistical model equations in the one-year study period, as well as in the
heating and non-heating seasons. Multiple correlation and regression analyses were used to
reveal the effects of urban surface parameters (land-use characteristics and distance from the
city centre determined in a grid network) on the UHI patterns. The results indicated isotherms
increasing in regular concentric shapes from the suburbs toward the inner urban areas with a
seasonal variation in the UHI magnitude. As the patterns showed, strong relationship existed
between urban thermal excess and built-up density. In the city centre, the mean UHI intensity
reached more than 2.6°C (year), 3.1°C (non-heating) and 2.1°C (heating). According to the
model equations, strong relationships existed between urban thermal excess and distance, as
well as built-up ratio, but the role of water surface was negligible.

Temperature cross-section features in an urban area (Unger et al. 2001e); Urban
temperature surplus: cross-sectional studies in Szeged (Unger, Siimeghy 2001):

These studies examined the connection between the built-up urban surface and air
temperature in Szeged. Data were collected by mobile measurements under different weather
conditions between March 1999 and February 2000. The efforts concentrated on
investigating the maximum diurnal development of the UHI along an urban cross-section.
According to the results, the UHI intensity changed according to seasons, as a consequence
of the prevailing weather conditions. The role of cloudiness and wind speed on the temporal
variation of the largest UHI was clearly recognized during most of the time in the studied
period. The seasonal profiles followed remarkably well the general cross-section of the
typical UHI described by Oke (1987) who defined its characteristical parts as 'cliff’, 'plateau’
and 'peak’. The usefulness of the normalized values in the investigaton was proved, as the
form of the seasonal mean UHI profile was independent of the seasonal climatological
conditions, and was determined to a high degreee by urban surface factors. As a conclusion,
a modified model describing the metropolitan temperature variable for cities situated in
simple geographical conditions was suggested: it was equal to the sum of components of the
basic climate of the region and of the production of urbanization in surface, where this last
term was a multiplication of weather and urban surface factors.

Seasonal case studies on the urban temperature cross-section (Siimeghy, Unger
2003a); Temperature modification effect of settlements — Heat island investigations
in Szeged (Stimeghy, Unger 2003b):

In these papers the investigations concentrated on the spatial distribution and temporal
dynamics of the nocturnal UHI, using mobile measurements under different weather
conditions in the periods of March 1999—February 2000 and April 2002 — March 2003 in
Szeged. Task also included the revelation of building-up and building-down of the UHI along
an urban cross-section studying example cases by seasons and the explanation of their
features using land-use and meteorological parameters. The UHI profiles were rather perfect
with the highest values in the city centre and a few hours after sunset. However, some
assimetry occurred in the isotherms because they were always shifted a bit to the eastern edge
of the transect. It could be attributed to the influence of the highest built-up density of this
neighbourhood. For example, in the case of the summer night using normalized UHI values
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some interesting features in the profiles emerged. Presumably, the changes in the magnitudes
of UHI in the western and eastern suburbs were caused by the cooler rural air transport (first
from NW then from E-NE) according to the changed wind direction. The phenomenon of the
two peaks was observed in the course of the fall measurement and it could be explained only
by the temporary weakening of the wind.

Connection between phenological phases and urban heat island in Debrecen and
Szeged, Hungary (Lakatos, Gulyds 2003):

The study presumed that the urban climatic modification (UHI) affects the
phenological and phenometrical properties of the urban vegetation. The phenological and
temperature observations were taken in grid networks in the spring of 2003 in Szeged and
Debrecen. As a good observable plant, Forsythia suspensa was the object of the examination
because this plant occurred in 60-70% of the city areas. The timing of the different
phenological phases was monitored in a daily fashion. According to the results there was
close connection between the spatial distributions of the timing of these phenological phases
and the UHI intensity. The strongest correlation occurred between the UHI intensity and the
date of 100% flowering.

A multiple linear statistical model for estimating mean maximum urban heat island
(Bottyan, Unger 2003); A statistical approach for estimating mean maximum urban
temperature excess (Bottyan et al. 2003):

These studies examined the spatial and quantitative influence of urban factors on the
air temperature field of Szeged using mobile measurements under different weather
conditions in the periods of March 1999 — February 2000 and April—October 2002. Tasks
included: (1) determination of spatial distribution of mean diurnal maximum UHI intensity
and some urban surface parameters (built-up and water surface ratios, sky view factor,
building height) using the standard Kriging procedure, as well as (2) development of
statistical models in the heating and non-heating seasons using the above mentioned
parameters and their areal extensions. Model equations were determined by means of
stepwise multiple linear regression analysis. In both seasons the patterns of the mean UHI
intensity had concentric shapes with some local irregularities. The intensity reached more
than 2.1°C (heating season) and 3.1°C (non-heating season) in the centre of the city. As the
measured and calculated UHI intensity patterns showed, there was clear connection between
the spatial distribution of the the urban thermal excess and the examined land-use parameters,
so these parameters played an important role in the evolution of the strong UHI intensity
field. From the above mentioned parameters the sky-view factor and the building height were
the most determining factors which were in line with the urban surface energy balance.
Therefore, by means of these models there would be possibilities to predict mean maximum
UHI intensity in other cities, which have land-use features similar to Szeged.

Intra-urban relationship between surface geometry and urban heat island: review and
new approach (Unger 2004):

This paper provided a comprehensive review of the intra-urban sky view factor
(SVF)—temperature relationship. Then a new approach to reveal the real connection between
SVF and air temperature in an entire city was presented. The results found in the literature
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were rather contradictory, possibly due the fact that previous investigations were limited to
the central or specific parts (e.g. inner city, urban canyons) of cities and used few sites and
measurements. Comparisons were often based on element pairs measured at selected sites.
In some cases areal means were also discussed, but always in connection with one of the
variables examined. For comparison, this study in Szeged utilized large number of areal
means of SVF and air temperature. The values were related to almost a whole city and based
on numerous measurements. The results showed a strong relationship in the intra-urban
variations of these variables, i.e. urban surface geometry was a significant determining factor
of the air temperature distribution inside a city if the selected scale was appropriate.
Therefore, investigations of a sufficient number of appropriate-sized areas covering the
largest part of a city or the entire city are needed to draw well-established conclusions.

Modelling of the annual mean maximum urban heat island with the application of 2
and 3D surface parameters (Unger 20006); Modelling the maximum development of
urban heat island with the application of GIS based surface parameters in Szeged
(Part 1): Temperature, surveying and geoinformatical measurement methods (Baldzs
et al. 2005); Modelling the maximum development of urban heat island with the
application of GIS based surface parameters in Szeged (Part 2): Stratified sampling
and the statistical model (Gal et al. 2005):

The primary aim of these studies was to reveal quantitatively what effect urban
structure had on the development, magnitude and spatial distribution of the annual mean
maximum UHI using a selected representative sample area in Szeged. In order to quantify
the effect mentioned above, besides the earlier applied SVF and different built-up parameters,
a relatively new surface parameter (weighted volumetric compactness) was used to
characterise the volume, structure and thermodynamical role of buildings. The calculation of
this new parameter required a large-sized digital database that includes building’s 3D
measurement. Because this would take a long time, the research concentrated on a smaller
but representative sample area, as the first step: the compactness of approximately 11,000
buildings in one third of the city was determined by geoinformatical analysis. A stepwise
multiple linear regression model was used to determine to what extent each parameter added
to the annual mean UHI intensity. According to the results, there were clear connections
between the spatial distribution of the UHI and the examined parameters (built-up and water
surface ratios and weighted volumetric compactness), so these parameters played important
role in the evolution of the UHI intensity field. The connection between compactness and the
annual mean (‘all weather’) UHI intensity is stronger than with the SVF. Using the final
model equation, the absolute deviations of the generated UHI (calculated for an independent
one year period) remained under 0.5°C throughout almost the entire investigated area. The
estimated UHI pattern with its characteristic features showed clear similarities to the real
conditions.

Connection between urban heat island and sky view factor approximated by a
software tool on a 3D urban database (Unger 2009); Relationship between the urban
surface and the heat island in Szeged, Part 1: GIS procedure for quantifying surface
geometry (Unger et al. 2006b); Relationship between the urban surface and the heat
island in Szeged, Part 2: connection between surface geometry and temperature
distribution (Unger et al. 2006a):
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These studies provided a review on methods of SVF determination and intra-urban
surface geometry—air temperature relationship. Then, a software-based method of SVF
estimation from a 3D database, describing urban surface elements, was applied. Finally,
related investigations in Szeged and importance of the results obtained were discussed.
Previous investigations were limited to only specific urban parts or some canyons and used
small numbers of sites and few occasions of measurements. This study utilized large number
of areal means of SVF and temperature related to a large sample area and based on numerous
measurements. The investigation revealed a strong relationship between these variables.
Thus, surface geometry was a significant determining factor of the temperature distribution
if the selected scale was appropriate.

Simulation of the mean urban heat island using 2D surface parameters: empirical
modeling, verification and extension (Balazs et al. 2009):

In this paper the spatial distribution of the annual mean UHI intensity was simulated
applying empirical models based on datasets from urban areas of Szeged and Debrecen, using
simple and easily determinable urban surface cover variables. These two cities have similar
topographic and climatic conditions. Temperature field measurements were carried out,
Landsat satellite images were evaluated, and then one- and multi-variable models were
constructed using linear regression techniques. The selected multiple-parameter models were
verified using independent datasets from three urban settlements near Debrecen. In order to
obtain some impression of the mean UHI patterns in other cities with no temperature
measurements available, the best model among the obtained ones was extended to four urban
areas situated in geographical environments similar to Szeged and Debrecen. The main
shortcoming of typical empirical models, namely that they were often restricted to a specific
location, was overcome by the obtained model since it was not entirely site but more region
specific, and valid in a large region (Great Hungarian Plain) with several cities.

Computing continuous sky view factor using 3D urban raster and vector data bases:
comparison and application to urban climate (Gdl et al. 2009):

The use of high resolution 3D urban raster and vector databases in urban climatology
was presented. The study applied two different methods to the calculation of continuous
SVFs, compared their values and considered their usefulness and limitations in urban climate
studies. It evaluated the relationship between urban geometry, quantified by SVF, and intra-
urban nocturnal temperature variations using areal means in the whole urban area of Szeged.
Results from the vector and raster models showed similar SVF values. The usefulness of
application of areal means in SVF—temperature relations was confirmed. The vector and the
raster approaches to the derivation of areal means of SVF were both showed to be powerful
tools to obtain a general picture of the geometrical conditions in urban environments.

Analysis of the relationship between urban land use and urban heat island using GIS
methods in Szeged (Mucsi et al. 2009):

In this paper, instead of traditional per-pixel classifiers, Normalized Endmember
Spectral Mixture Analysis was applied to map urban land cover using Landsat TM data
acquired over the city of Szeged. Impervious surface, one of the most important elements of
VIS model, has been recognized as a key indicator in assessing urban environment. Fractional
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images of impervious surfaces developed from LTM images (acquired in 1986 and 2007)
were compared. The urban land cover map was the base of the spatial analysis of UHI, which
demonstrated a very strong connection between the spatial distribution of main urban land
cover classes and the spatial characteristics of UHI. In addition to 2D spatial analysis, the
investigation was extended to include 3D urban surface analysis to assess the effect of urban
surface geometry onto the UHI using geoinformatic methods. According to the results, there
was a strong relationship in the intra-urban variations of surface geometry and heat island
Intensity.

Modeling of the urban heat island pattern based on the relationship between surface
and air temperatures (Unger et al. 2010); City of sunlight after sunset — mapping of
urban heat island using aerial remote sensing method in Szeged (Rakonczai et al.
2009):

The aim of these studies was to develop a new method for early nighttime near-surface
air temperature pattern estimation based on surface temperature data in urban areas. The
surface temperature data were collected by an airplane-based thermal infrared sensor at an
altitude of 2000 m above ground level. The study area was covered by hundreds of images
with a spatial resolution of about 2 m. The measured values were calibrated with data of in
situ surface measurements of different land use types. Large temperature differences where
found between green areas and densely built-up parts of the city. The structure of the city
was reflected in the temperature map; roads and squares showed very high temperatures,
while parks and waterbodies were up to 20 degrees cooler. Simultaneous air temperature
measurements were carried out using a car-based temperature sensor along an almost 12 km
long N-S urban transect. The measured points were located using a GPS device. Data were
processed with GIS methods, including newly developed algorithms. In order to find the
relationship between air and surface temperature a wider environment, the source area which
determines the air temperature at a given point and time was taken into account. Using a
source area with a radius of 500 m, a strong relationship was detected between the two
parameters. Namely, the temperatures of the surfaces found in the surroundings (weighted
by the distance) determine the temperature of the air parcel located at a given point. The
obtained regression equation was applied to extend the results in order to model the air
temperature field in a larger urban area of Szeged.

Comparison and generalisation of spatial patterns of the urban heat island based on
normalized values (Unger et al. 2010); Investigation of the structure of an urban heat
island using normalized intensity (Stimeghy, Unger 2004), Classification of the urban
heat island patterns (Stimeghy, Unger 2003c):

The studied medium-sized cities (Szeged and Debrecen, Hungary) are located on a
low and flat plain. Data were collected by mobile measurements in grid networks under
different weather conditions between April 2002 and March 2003 in the time of daily
maximum development of the UHI. Tasks included: (i) interpretation and comparison of the
average UHI intensity fields using absolute and normalized values; (ii) classification of
individual temperature patterns into generalized types by cities using normalization and
cross-correlation. According to the results, spatial distribution of the annual and seasonal
mean UHI intensity fields in the studied period had concentric shape with some local
irregularities. The UHI pattern classification reveals that several (eight) types of the structure
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could be distinguished in both cities. Shifts in the shape of patterns in comparison with the
centralized pattern were in connection with the prevailing wind directions.

Evaluation of the thermal features of the local climate zones — a Szeged case study
(Lelovics et al. 2013):

In this study the connection between air temperature of the urban area and its built-up
features was examined in Szeged. Air temperature was measured along a N-S transect during
anticyclonic situations in a mobil measurement campaign in 2008. The urban built-up
features were characterized with the usage of LCZ system. The largest temperature values
occurred in two areas: area at the edge of the LCZ 2 with densely located 3-4-storey buildings,
and the parking lot of a shopping center at the border of LCZ 5 and LCZ 6 appeared as
exceptionally warm spots.

Refining the concept of urban heat island using Local Climate Zone classification —
examples from Szeged (Unger et al. 2014):

This study first presented the new LCZ classification system which reflected the
climatic characteristics of the surfaces as well as its types and aspects of their separation
based on quantified parameters. Secondly, it developed GIS methods wich calculate these
parameters for given areas. The database for these methods contained topographic map, 3D
building and 2D road databases, as well as remotely sensed information from RapidEye
satellite image. Thirdly, it determined the LCZ types occuring in the urbanized area of Szeged
and were represented by circle areas with a diameter of 250 m. As a final step, it compared
their thermal reactions based on the earlier temperature measurement campaigns. As a result,
six built and one land cover LCZ types were distinguished in the studied urban area. Clear
temperature differences occurred between these types. These differences were very
significant on a day with favorable (calm and clear) weather conditions and they were more
moderate using annual averages. These comparisons confirmed the usefulness of these type
of classification: the thermal influence of any change or difference in landscapes were better
expressed using LCZ difference concept than a simple but generally not clear urban-rural
approach, and additionally, it provided an opportunity for intra- and inter-urban comparisons.

2.3. Studies based on the data of the second urban station network

Development, data processing and preliminary results of an urban human comfort
monitoring and information system (Unger et al. 2015):

In this study the development and operation of an urban climate monitoring network
and information system in Szeged and the related preliminary research results were
discussed. The selection of the representative sites of the network was based primarily on the
pattern of the LCZs in and around the city. After the processing of the incoming data (air
temperature and relative humidity, as well as global radiation and wind speed), a human
comfort index was calculated from the four meteorological parameters with a neural network
method, then the measured and calculated parameters interpolated linearly into a regular grid
with 500 m resolution. As public information, maps and graphs about the thermal and human
comfort conditions appeared in 10-minute time steps as a real-time visualisation on the
internet. As the preliminary case studies showed, the largest intra-urban thermal differences
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occurred in the nocturnal hours reaching even 5°C in early spring. In the spatial distribution
of human comfort conditions, there were distinct differences in the strength of the loading or
favorable environmental conditions between the neighborhoods during the daytime. Finally,
the utilization possibilities of the results were detailed.

Intra-urban temperature observations in two Central European cities: a summer
study (Lelovics et al. 2016):

This paper presented an urban climatological application of the urban monitoring
systems — recently implemented in Szeged and Novi Sad, Serbia — using the first set of data
collected during the summer of 2014. In order to ensure a representative number and
placement of stations, the selection of measurement sites was based on LCZ maps developed
for both cities. This study concentrated only on the intra-urban temperature pattern
characteristics expressed by the thermal reactions of the different LCZs in both cities. The
daily temperature indices (e.g., summer days) had the highest values in the densely built-up
LCZs. The diurnal cycle of surplus temperatures by LCZ classes under anticyclonic weather
conditions was found to be similar in the two cities with higher absolute values in the case of
Novi Sad. During summer, the diurnal variation of conventional UHI intensity confirmed the
general knowledge that it remained positive with highest values at night, while negative
values occurred predominantly during the day.

Urban heat island patterns and their dynamics based on an urban climate
measurement network (Gal et al. 2016):

In this paper the spatial pattern of UHI and its dynamical background were analysed.
Furthermore, the annual, seasonal and diurnal characteristics of UHI were examined
according to the LCZs. The analysis was performed using one year (between June 2014 and
May 2015) dataset from the measurement network of Szeged. This network consisted of 24
stations measuring air temperature and relative humidity. In the installation of the network
the representativeness played an important role in order to that the stations represents their
LCZs. The thermal reactions were examined during average and ideal conditions using the
so-called weather factor. The results showed that the UHI was stronger in the compactly built
zones and there were great differences between the zones. The greatest values appeared in
summer, while the difference was small in winter. The UHI started to develop at sunset and
existed through approximately 9—10 hours and differences were about 2°C larger in case of
ideal days, when the conditions (wind, cloud cover) were appropriate to the strong
development of the UHI. The cooling rates showed that the first few hours after sunset were
determinative for the developing of UHI. In addition, the effect of UHI on annual mean
temperature was also significant.

Employing an urban meteorological network to monitor air temperature conditions
in the ‘local climate zones’ of Szeged, Hungary (Skarbit et al. 2017); Urban climate
measurement network and information system in Szeged (Unger et al. 2017):

The average annual and seasonal air temperature conditions in the LCZs of Szeged
were analysed. The basis of the analysis was a 1-year dataset from 2014 to 2015 from 20
station of the urban meteorological network. The network and its corresponding LCZ classes
put temperature studies in Szeged into a new spatial framework to assess local climate and

51



Unger J

UHI conditions. The stations were installed at locally representative sites using a Geographic
Information System method based on the standard surface parameters of the LCZ
classification. The network was purposely designed to monitor thermal differences among
LCZ classes. Detailed site metadata were provided for each of the stations used in the
analysis. The results showed that the densely built-up LCZs had higher annual and monthly
mean and minimum air temperatures than structurally open and more vegetated classes, with
nocturnal differences of >4°C observed under calm, clear skies. Among select temperature
indices measured in the urban LCZ classes, frost days, cooling degree-days, and tropical
nights differed markedly from the background rural LCZs. This difference suggested that
local climatologies existed within the city, and that these had implications for thermal
comfort, urban energy use, and urban agriculture. In addition, the dynamics of the UHI
pattern was also presented at a night with ideal weather conditions. Finally, the evaluation of
heating and cooling rates in Szeged showed an important role for LCZs in UHI analysis.

Comparison of regional and urban outdoor thermal stress conditions in heatwave and
normal summer periods: A case study (Unger et al. 2020):

This study compared the diurnal variation of thermal stress conditions during a
heatwave period (HW) to the ones during a normal summer period in the region and within
the urban area of Szeged based on urban monitoring network data. Thermal stress categories
of human bioclimatological index PET were adapted to the local population. Variation of the
nocturnal intra-urban PET-patterns was analyzed along with the evolving UHI. A definite
regional difference was found in the thermal stress conditions between the two periods, which
was at least one PET-category in the daytime, while slightly less during the night. The
nocturnal stress was higher in the inner city parts for both periods and the evolving UHI
patterns determined the PET-patterns in a great extent. The UHI proved to be much stronger
in the HW period. In summary, during the HW the nocturnal thermal stress on the urban
inhabitants, especially those living in ‘hot spot’ neighborhoods, was significantly higher than
what could be deducted from temperature data measured near the city. These types of results
could provide valuable information for urban planners and decision-makers for evolving
strategies against the adverse effects of urban climate and climate change to create livable
settlements.

2.4. Studies based on local-scale simulation data

Projection of intra-urban modification of nighttime climate indices during the 21st
century (Skarbit, Gal 2016):

This paper evaluated the alteration of certain nighttime climate indices namely warm
nights (Tmin > 17°C) and tropical nights (Tmin > 20°C) during the 21st century in Szeged. In
this study the MUKLIMO 3 model was used, which ensured the modelling of the local scale
processes in the examined area. In the model for the land use the LCZ system was applied.
In order to analyze longer periods the cuboid method was applied, which is a dynamical-
statistical downscaling technique. The calculated indices for 1981-2010 were based on
measurements and for 2021-2050 and 2071-2100 from the EURO-CORDEX datasets. The
study presented the results of Representative Concentration Pathways scenarios namely
RCP4.5 and RCP8.5 and they showed that the highest values appeared in the city centre and
the number of the days clearly increased in the 21st century especially according to scenario
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RCP 8.5. The values depended on the built-up types and there were more days towards to the
densely built-up LCZs. Moreover, considering the relative changes of the zones, larger
changes appeared in sparsely built-up zones and natural surfaces.

Urban climate in Central European cities and global climate change (Bokwa et al.
2018):

This paper was the final report of the ,,Urban climate in Central European cities and
global climate change” project with the aim to raise the public awareness on those issues in
five Central European cities: Szeged, Brno (Czech Republic), Bratislava (Slovakia), Krakow
(Poland) and Vienna (Austria). Within the project, complex data concerning local
geomorphological features, land use and long-term climatological data were used to perform
the climate modelling analyses using the model MUKLIMO 3. According to the predictions
presented, an increase in heat load, expressed in mean annual number of summer days, was
expected in urban areas of Central Europe. Mean values for particular study areas were
expected to increase by 2100, comparing to 1971-2000, by 20-50 days, depending on the
scenario used. The regional pattern of the predicted values of mean annual number of summer
days showed dependence on latitude, i.e. for cities located in the northern part of the study
area, the values were lower than for cities located in the south. The difference for mean
values, for particular study areas, reached about 40 days. The local patterns showed the
impact of both land use/land cover and relief. The largest values of mean annual number of
summer days were observed in areas with intense built-up which were located in the valley
floors. In rural areas, larger values occurred in the valleys than in the hill tops. The differences
between the places with the lowest value and the largest value in particular cities reached 60—
100 days, depending on the scenario used.

Heat load assessment in Central European cities using an urban climate model and
observational monitoring data (Bokwa et al. 2019):

Diurnal variability of spatial pattern of air temperature was studied in five cities in
Central Europe: Bratislava (Slovakia), Brno (Czech Republic), Krakéw (Poland), Szeged and
Vienna (Austria), during one of the heatwaves in 2015 (4—14 August), with the application
of MUKLIMO 3 model. 8th August was chosen to study in detail the urban heat load at
10.00, 16.00, 22.00 and 4.00 CEST. LCZ concept was used to supply data for the model and
for the interpretation of the results obtained. Model outcomes were validated with
measurement data from 86 points belonging to the networks which operated in the cities
studied. The results obtained showed that among urban LCZ, the highest heat load was
observed for LCZ 2 and LCZ 3 from 16.00 to 4.00, while at 10.00 there was no such clear
pattern. Unlike forested areas, open green areas can contribute to the generation of high air
temperature: > 35°C during daytime and > 30°C during nighttime. Important factors
controlling the intra-zonal and inter-zonal variability of air temperature in particular LCZs
were the local environmental conditions. During the daytime, diversified relief in the area of
the city and its vicinities generated higher heat load in the valleys’ floors than in areas located
above, both in rural and urban areas. The same landforms experience lowered heat load
during the nighttime due to air temperature inversions effect.

Projection of present and future daily and evening urban heat load patterns (Unger
etal 2020):
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In this modeling study the recent and future daily and evening thermal climate of a
Central-European city (Szeged) was investigated in terms of heat load modification by
applying MUKLIMO 3 model to project daily and evening climate indices. For surface
parameterization the LCZ scheme was used. The investigation encompassed three
climatological time periods (1981-2010, 2021-2050 and 2071-2100) and two emission
scenarios for future climate (RCP4.5 and RCPS.5). The results showrd that highest index
values appeared in the city centre and stretch to the NW direction (LCZs 2, 3 and 8) and they
decreased towards to the vegetated rural surfaces (mainly LCZ D). That is, the values
depended on the zone types and there were more days towards to the densely built-up LCZs.
Also, a general temporal change could be detected as the index patterns showed the
substantial increasing tendency for both indices towards the end of this century. This
temporal change suggested a two-way conclusion: first, the increasing number of hot days
means a strongly deteriorating change of unfavourable thermal conditions, and second, the
change in the number of the evening index provides more opportunities for regeneration and
leisure-time activities outdoors in the already thermally less stressful evening hours for the
urban inhabitants. This study gave very illustrative examples on the expected climate changes
during this century and these examples show that there were several sides to these changes
in urban environments. Furthermore, they clearly proved that global or regional scale climate
predictions without urban climate interactions do not have enough detailed information.

Analysis of urban heat island with meteorological forecast model in Szeged (Molnar
etal. 2017):

Aim of the research was the application of Weather Research and Forecasting (WRF)
model in urban scale in order to predict the UHI effect. Therefore, high-resolution, nested
simulations were carried out in case of a Szeged in 2015. In this area, a detailed measurement
dataset was available for the model validation process. In numerical weather predictions
models the applied urban land use information was crucial. Consequently, it was essential to
improve the details of canopy parameterization if the static data did not manage to represent
precisely the urban forms in a specific area. High-resolution remote sensing products of
Landsat 8 OLI/TIRS satellite and multiple GIS techniques were applied to determine the
sufficient canopy values. Several simulations were made with different model setups and
input geographical databases to fine-tune the model performance for optimal agreement with
measured UHI parameters. The results suggested that the model reproduced reasonably well
the UHI effect related to measurements in case of uninterrupted (anticyclonic) weather
conditions.

Evaluation of a WRF-LCZ system in simulating urban effects under non-ideal synoptic
patterns (Molnar et al. 2018):

The modelling of meteorological variables under non-ideal (e.g. characterized by
cyclonal activity) synoptic patterns is always challenging. It is particularly true, when the
simulations are performed on local or neighborhood scale. In this study the spatio-temporal
distribution of UHI of Szeged was predicted by the WRF model during two period with
different meteorological background. During the first, a thick and permanent fog layer was
located over the Carpathian Basin. The second one was dominated by a Mediterranean low
that has caused high sums of precipitation. The comparison of modelled and observed
variables suggested that the computed outputs showed robust consistency with the
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observations during the rainfall event. On the foggy days, however, WRF had difficulties to
capture the daily variability of UHI intensity. It was due to the large underestimations of
moisture circumstances.

Modeling of urban heat island using adjusted static database (Molnar et al. 2019a):

In this study the WRF model was applied to examine the spatial and temporal
formation of UHI phenomenon in Szeged. In order to achieve a more accurate representation
of complex urban surface properties in WRF, a modified static database (consists of land use
and urban canopy parameters) had been developed using satellite images and building
information. In the new database, the number of urban grids increased by 76% related to the
default case. The urban landscape in WRF became more complex after employing two urban
land use classes instead of only one. The modification of the default parameters of a single
layer urban scheme revealed that urban fractions decreased in all urban categories, while
street widths increased resulting in narrower urban canyons. For testing the impact of the
modifications on near-surface temperature estimation, a four-day heatwave period was
selected from 2015. The model outputs had been evaluated against the observations of the
local urban climate monitoring system (UCMS). WRF with the modified parameters
simulated most of the features of UHI reasonably well. In most cases, biases with the
simulations of the adjusted static database tended to be significantly lower than with the
default parameters. Additionally, during a longer time period (i.e., the summer of 2015) the
extreme values of near-surface air temperature and maxima of UHI intensities were evaluated
on the basis of an urban and a rural site of UCMS. It was concluded that the maxima and
minima of observed near surface air temperature were underestimated (overestimated) by
about 1-3°C at the urban (rural) site. The maxima of UHI intensities indicated cold biases on
86 of 91 days.

Integration of an LCZ-based classification into WRF to assess the intra-urban
temperature pattern under a heatwave period in Szeged, Hungary (Molndr et al.
2019b):

In this study the LCZ system was incorporated into the WRF model in order to
facilitate proper land surface information for the model integrations. After the calculation of
necessary input canopy parameters, based on local static datasets, simulations were
performed to test the model’s performance in predicting near-surface air temperature (T.) and
UHI intensity (AT) under a heatwave period in July 2017. The modelled values were
evaluated against the observations of the local urban climate monitoring system. The results
suggested that WRF with a single-layer canopy scheme and the LCZ-based static database
was able to capture the spatiotemporal variation of the aforementioned variables reasonably
well. The daytime T. was generally overestimated in each zone. At nights, slight
overestimations (underestimations) occurred in LCZ 6, LCZ 9, and LCZ D (LCZ 2 and LCZ
5). The mean AT was underestimated in the nighttime; however, the daytime AT was
estimated accurately. The mean maxima (minima) of AT were underestimated
(overestimated) with around 1.5-2°C, particularly in LCZ 2 and LCZ 5. Some components
of the surface energy budget were also computed to shed light on the inter-LCZ differences
of T,. It was concluded that the nocturnal ground heat flux was about five times higher in
urban LCZs than in the rural LCZ D, which resulted in a reduced cooling potential over the
urbanized areas.
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How does anthropogenic heating affect the thermal environment in a medium-sized
Central European city? A case study in Szeged, Hungary (Molnar et al. 2020):

Since the estimation of anthropogenic heating was always problematic in medium-
sized cities because of data lacking, the study intended to test how much the omission of such
data influences the physical consistency in a numerical model (WRF). It was hypothesized
that anthropogenic heating was an important input for the model, even in a relatively small
urban area, therefore three different approaches were adapted to quantify its spatiotemporal
distribution over Szeged. Four numerical experiments were performed in the WRF coupled
with the single layer canopy scheme, which included the calculated fluxes and an
anthropogenic flux-free reference case. By comparing the experiments, there were the
opportunity to determine the effects of different anthropogenic heating scenarios on certain
meteorological variables near the surface and in the overlying urban boundary layer. The
maximum anthropogenic heat release was estimated to be ranging between 0.6 and 31.2
Wm?2, with higher values on winter days. This heat surplus contributed to a maximum
increase of 1.5°C in the simulated near-surface air temperature. Depending on the rate of
anthropogenic heat release, the urban boundary layer became deeper, and the mixing of heat
and momentum was more efficient. The results demonstrated that without the consideration
of anthropogenic heating, numerical simulations performed to cities similar to Szeged cannot
be physically complete.

2.5. Studies based in part on other data sources

Airborne surface temperature differences of the different Local Climate Zones in the
urban area of a medium sized city (Skarbit et al. 2015):

This paper presented a case study about the surface temperature characteristics of the
different LCZs in Szeged. For the evaluation high resolution surface temperature data
acquired by a low-cost small-format digital imaging system, measured in early night hours
were applied. The map of LCZs for the study area was derived by an automatic GIS method
for LCZ classification. The results showed that the different LCZ classes had different surface
temperature characteristics. Among the densely populated LCZ classes the open low-rise had
the lowest surface temperature, thus it could be the most favorable urban built-up type if the
aim is the decrease the effect of the urban heat load.

Using local climate zones to compare remotely sensed surface temperatures in
temperate and hot desert cities (Fricke et al. 2020a); Exploring thermal differences
in cities with different climates based on LCZ classification concept and satellite data
(Fricke et al. 2020b):

Surface classification using the LCZ system provided an appropriate approach for
distinguishing urban and rural areas, as well as comparing the surface urban heat island
(SUHI) of climatically different regions. The goal of the study was to compare the SUHI
effects of two Central European cities (Szeged and Novi Sad, Serbia) with temperate climate
(Koppen-Geiger’s Cfa), and a city (Beer Sheva, Israel) with hot desert climate (BWh). LCZ
classification was completed using World Urban Database and Access Portal Tools
methodology and the thermal differences were analysed on the basis of the land surface
temperature data of the Moderate Resolution Imaging Spectroradiometer sensor, derived on
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clear days over a four-year period. This intra-climate region comparison showed the
difference between the SUHI effects of Szeged and Novi Sad in spring and autumn. As the
pattern of Normalised Difference Vegetation Index (NDVI) indicated, the vegetation
coverage of the surrounding rural areas was an important modifying factor of the diurnal
SUHI effect, and could change the sign of the urban-rural thermal difference. According to
the inter-climate comparison, the urban-rural thermal contrast was the strongest during
daytime in summer with an opposite sign in each season.

Model development for the estimation of urban air temperature based on surface
temperature and NDVI — a case study in Szeged (Guo et al. 2020):

Predictive models for urban air temperature (T,ir) were developed by using urban land
surface temperature (LST) retrieved from Landsat-8 and MODIS data, NDVI retrieved from
Landsat-8 data and T.i: measured by 24 stations in Szeged. The investigation focused on
summer period (June—September) during 2016—2019. The relationship between Tair and LST
was analyzed by calculating Pearson correlation coefficient, root-mean-square error and
mean-absolute error using the data of 2017-2019, then unary (LST) and binary (LST and
NDVI) linear regression models were developed for estimating Tair. The data in 2016 were
used to validate the accuracy of the models. Correlation analysis indicated that there were
strong correlations at night and relatively weaker ones during the daytime. The errors
between Tair and LSTwmopis-night Was the smallest, followed by LSTwmopis-pay and LSTandsat-s,
respectively. The validation results showed that all models could perform well, especially
during nighttime with an error of less than 1.5°C. However, the addition of NDVI into the
linear regression models did not significantly improve the accuracy of the models, and even
had a negative effect. Finally, the influencing factors as well as temporal and spatial
variability of the correlation between Tar and LST were analyzed. LSTrandgsar-s had a larger
original error with T,;, but the regression model based on Landsat-8 had a stronger ability to
reduce errors.
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