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Abstract

Over half of the world’s population lives in urban areas, even though urban agglomerations
cover only 0.05% of the Earth’s surface. Urbanisation significantly modifies the surface level’s
moisture, radiation balance, thermal stability, and aerodynamic properties. The physical pro-
cesses in the urban surface layer directly influence the atmosphere above and, specifically, the
atmospheric boundary layer. Thus, understanding and modelling these processes are necessary
for studying the urban meteorology.

The primary objective of the presented research was to assess the impact of the urban land
cover on the development of the atmospheric boundary layer over Warsaw. To carry out the
objective, a high-resolution version of the Global Multiscale Environmental model was used to
examine its ability to reproduce the diurnal cycle of the meteorological parameters, including
the thermal and turbulent structure of the atmosphere. The Town Energy Balance (TEB) pa-
rameterisation was used to represent urban effects on modelled meteorological parameters at
the final nesting level with a horizontal resolution of 1 km over Warsaw. Mid-high buildings,
sparse buildings, industrial areas, roads and parking spaces, and a mix of built and nature are
the urban cover categories used in the TEB parameterisation. Four one-day cases representing
different meteorological conditions and seasons were selected for modelling.

The model was run with and without the TEB parameterisation in the first step. The bound-
ary layer profiles for temperature, specific humidity, potential temperature, and turbulent kinetic
energy to the height of 3000 m and temperature cross-sections over Warsaw were studied for
two “NO-TEB” and “TEB” scenarios.

In the second step, sensitivity analysis was performed by comparing three scenarios with
different descriptions of land uses and land covers for urban areas:

1. City scenario using the TEB classification;

2. High building only scenario where the city is covered with impervious high buildings

land cover;

3. Vegetation only for which city is replaced by the surrounding natural covers.

The differences in temperature, specific humidity, and turbulent kinetic energy were studied
for these scenarios. Sensitivity analysis showed that the differences are significant for the winter
case between the high building and vegetation scenarios and are smaller for the summer case.
However, in all three scenarios, the temperature and turbulent kinetic energy are the lowest for
the vegetation scenario and the highest for the high buildings scenario.

In the last step, temperature error measures were calculated for six stations in Warsaw for
selected cases. The comparison of observed and modelled temperature shows that the temper-
ature predicted with the TEB parameterisation was more accurate in terms of statistical error
measures on January 29, April 24. However, on June 6 and July 23, the difference between the
two scenarios was not high.
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WRAZLIWOSC MODELU GEM
NA ROZNE OPISY PARAMETROW POWIERZCHNI MIASTA
NAD WARSZAWA

Streszczenie

Urbanizacja znaczgco modyfikuje wlasciwosci powierzchni terenu, wptywajac na cykl
dobowy i zmienno$¢ pionowa elementdéw meteorologicznych w granicznej warstwie atmosfery.
Ze wzgledu na liczbe mieszkancOw miast obejmujaca ponad potowe ludnosci $wiata, zrozu-
mienie i modelowanie tych procesow jest niezbedne do wsparcia zarzadzania funkcjonowania
miast i planowania przestrzennego.

Celem pracy jest ocena wptywu pokrycia terenu na ksztattowanie si¢ warstwy graniczne;j
atmosfery nad Warszawa. W pracy wykorzystano model meteorologiczny — Global Environ-
mental Multiscale model zagniezdzony nad Warszawg z rozdzielczoécig pozioma 1 km, w
polaczeniu z parametryzacja Town Energy Balance. Jako okres symulacji wybrano cztery jed-
nodniowe okresy reprezentujace rozne warunki meteorologiczne 1 pory roku. W pierwszym
etapie analizowano profile temperatury, wilgotnosci wtasciwej, temperatury potencjalnej i en-
ergii kinetycznej turbulencji do wysokosci 3000 m oraz przekroje temperatury nad Warszawag
dla dwoch konfiguracji modelu, z parametryzacja TEB i bez parametryzacji miasta.

W drugim etapie przeprowadzono analiz¢ wrazliwos$ci modelu, poréwnujac trzy scenariusze
z r6znymi opisami uzytkowania i pokrycia terenu dla obszaréw miejskich:

1. Warunki rzeczywiste (jak w etapie pierwszym);

2. Cala powierzchnia zabudowana miasta opisana jako budynki wysokie;

3. Cata powierzchnia miasta opisana jako tereny naturalne.

Analiza wrazliwos$ci wykazata, ze r6znice w temperaturze, wilgotnosci wtasciwej 1 energii
kinetycznej turbulencji sg bardziej znaczace dla przypadku zimowego, niz dla przypadku let-
niego. We wszystkich trzech scenariuszach temperatura i1 energia kinetyczna turbulencji sa
najnizsze w scenariuszu z ros§linnoscia i najwyzsze w scenariuszu z wysokimi budynkami.

W ostatnim kroku obliczono miary bledu temperatury dla szesciu stacji w Warszawie dla
wybranych przypadkéw. Z poréwnania temperatury obserwowanej i modelowanej wynika, ze
temperatura prognozowana z parametryzacja TEB pozwolita uzyska¢ nizsze miary btedu sta-
tystycznego dla scenariuszy zimowych i wiosennych. Natomiast w okresie letnim roznica
mig¢dzy tymi dwoma scenariuszami nie byta duza.
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1. INTRODUCTION

The primary objective of the presented research was to assess the impact of the urban land cover
on the development of the atmospheric boundary layer over Warsaw. The Global Environmen-
tal Multiscale model (GEM) (C6té et al. 1998) coupled with the Town Energy Budget (TEB)
(Masson 2000) was used to carry out high-resolution short-term meteorological forecasts.

The sensitivity of the boundary layer development to changes of radiative properties of the
urban surface was studied by comparing the modelling results without and with the TEB pa-
rameterisation. Also, the ability of the GEM model to reproduce the diurnal cycle of meteoro-
logical parameters over Warsaw was examined with three different land use/land covers
datasets. The changes in radiative properties of urban surfaces are the results of urbanisation.

1.1 Urbanisation

Urbanisation is a process that involves a complex set of socio-economic, cultural, and techno-
logical drivers. The result of urbanisation is an increase in the proportion of the population that
lives in towns and cities.

Today, 55% of the world’s population resides in urban areas. In 1950, 30% of the world’s
population was urban, and by 2050, 68% of the world’s population is projected to be urban.
The UN (2018) report estimated that the urban population increased from 751 million in 1950
to 4.2 billion in 2018.

Urbanisation in Poland after the Second World War had a very dynamic period. Poland was
transformed from rural to urban in the last 50 years (Szymanska and Matczak 2002). About
60% of the Polish population lives in the cities (Majewska et al. 2020).

Urbanisation causes drastic changes to the natural environment. Urban areas reveal the most
evident signs of inadvertent climate modification, including transforming the radiative, solar,
moisture and aerodynamic characteristics and modifying the natural solar and hydrological bal-
ances (Oke 1988).

According to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC), the changes in temperature, precipitation and extreme events in urban areas
can have a rigorous negative influence on human health like an increase in illnesses and deaths
(Confalonieri et al. 2007).

Human activities cause an increase in temperature and other meteorological changes in the
urban systems. Urban agglomerations are the main sources of carbon dioxide emissions from
industrial, transportation, and domestic consumption of fossil fuels, especially in high-income
countries (Grimmond 2007).

The higher temperature in the urban areas can be exacerbated by heatwave events, which
causes morbidity and mortality. The health effects of air pollution are another major concern in
the cities. Different diseases can occur depending on different pollutants, such as respiratory
and cardiovascular illnesses and allergies. Using a large amount of energy for domestic and
industrial needs, particularly in low and middle-income countries deteriorates air quality to
a great extent (Harlan and Ruddell 2011). Urban climatology relates to studying the climate
effect of urban areas and applying the knowledge acquired for better planning and design of
cities.

The environment is modified substantially by the urban areas in almost every aspect. The
modifications are caused by alterations of surface cover, geometry, and texture and also by
anthropogenic heat and water vapour emissions (Mills 2014).

Urban energy balance and climate models are valuable tools for studying the interaction
between the urban environment and the atmosphere (Salim et al. 2022). Numerical models have
a broad range of applications for studying urban boundary layer, air pollution, and heat and
wind comfort levels (Erell 2008).
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Applying numerical models at city scales is possible because of advances in computer pro-
cessing speed, new algorithms, micrometeorological processes parameterisation, and remotely
sensed urban data (Masson 2000).

1.2 The study area — Warsaw

Warsaw, the capital city of Poland and Mazovia Region, is located on the Vistula River in east-
central Poland. It currently covers an area of 517 km? and has a population of 1.7 million. The
“World urbanisation prospects” (UN 2018) estimated a 0.49% annual population growth. War-
saw has 32.9% of the population of the entire Mazowieckie VVoivodship. These estimates rep-
resent the Urban Agglomeration of Warsaw, which typically includes the population of Warsaw
proper and adjacent suburban areas. The population density is approximately 3.372 per square
kilometre?,

The surface-atmosphere heat balance is significantly modified by underground ruins that
change the texture and heat capacity of the city surface in Warsaw. Bricks and concrete from
unexcavated foundations and basements are under the streets and courtyards.

After World War 11, a centrally planned heating system was introduced to heat apartment
buildings. It is the most extensive district heating system in Europe. The central heating system
is much more energy-efficient than thousands of individual boilers. However, it can directly
impact the anthropogenic heat flux causing warmer street surfaces in the winter.

1.3 An outline of chapters

The thesis is comprised of five chapters following the Introduction:

e Chapter 2: Literature review and background;

e Chapter 3: Data and methods;

e Chapter 4: Results and discussion;

e Chapter 5: Conclusions and future work.

Chapter 2 provides a theoretical background and literature review of previous studies on

urban canopy models, emphasising the town energy balance model. Tools and methods used in
the study are described in Chapter 3.

Results obtained from the modelling are presented in Chapter 4. Conclusions and future
work plans are presented in Chapter 5.

2. LITERATURE REVIEW AND BACKGROUND

Climate is generally described from standard measurements of meteorological parameters such
as surface pressure, temperature, humidity, and wind velocity. However, the conditions change
rapidly in the air layer above the ground, where plants, animals, and humans live. The standard
measurements cannot specify the climate of these environments, and therefore there is a need
for special observations, which is the domain of microclimatology. Microclimatology studies
the climate near the ground, and it is usually defined vertically in terms of canopy height (Barry
and Blanken 2016). The urban climate is an example of unintended climate modification initi-
ated by human activities. The urbanisation process causes radical changes in a region’s surface
and atmospheric properties (Oke 1988). It was stated for the first time by Luke Howard, FRS
(Fellow of the Royal Society), in “The Climate of London” in 1833 that the city’s structure and
composition affect local climate by impacting wind, humidity, and temperature distribution
which are different between the urban environment and the rural areas (Georgiadis 2017). To-
day, many studies address urban climates and how they affect the well-being of the resident

Ihttps://worldpopulationreview.com; World population review, 2021, last access on 30/09/2020
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population. However, how the urbanisation and climate change will interact in the future is
uncertain (Georgiadis 2017).

This chapter explores the theory of urban atmosphere and reviews studies done on urban
climate.

2.1 Urban surface

Cities consist of a high fraction of impervious surfaces, which modify both surface energy and
water balances, affecting the atmospheric boundary layer (ABL) and the weather processes
(Oke and Cleugh 1987).

An urban system has a nearly unlimited number of climatically active surfaces. Each of
these surfaces has different radiative, thermal, moisture, and aerodynamic properties (Oke et al.
2017). An urban surface consists of urban canyons closed off by buildings on both sides. Aspect
ratio (H/W), the canyon’s axis orientation, and the sky view factor (SVF) are three main de-
scriptors of the urban canyons which have a significant influence on the microclimate (Erell et
al. 2012).

2.1.1 Urban canyon

The airflow and radiation exchange in the urban canopy is affected by the dimensions and spa-
tial arrangement of urban structures (Oke et al. 2017). Building walls and the elements lying
between buildings define the urban canyon (UC) (Arnfield 2003). The aspect ratio is the build-
ing’s height (H) to the street’s width (W) ratio, which is an important parameter that controls
the impact of urban geometry on external temperature increase and building energy demand
(Jihad and Tahiri 2016).

2.1.2 Sky View Factor

The Sky View Factor (SVF) is an important parameter describing urban geometry and building
density (Oke and Cleugh 1987). Also, it plays an important role in forming urban climatology
and its spatial variations (Oke 1973). It is defined as the fraction of the radiative flux leaving
the surface at the point that reaches the atmosphere above the urban canopy, i.e., the “sky”
(Johnson and Watson 1984). It is a dimensionless parameter between zero and one (Wei et al.
2016). A decreased SVF causes an increase in the net heat storage within buildings and in-
creases urban heat island (UHI) (Dirksen et al. 2019).

2.2 Local climate zones

The first climate-based classification of the city was done by Chandler (Oke 2009), the first heat
island researcher. He divided London into four local regions based on their climate, physiog-
raphy, and built form. Later, Oke (2004) introduced a generic city zones classification using the
schemes from Auer’s urban-rural classification proposed for the city of St. Louis, Missouri
(Auer 1978), and Ellefsen’s “urban terrain zones” (Ellefsen 1991) for ten US cities to develop
a better deployment of meteorological instruments in urban areas. Based on the Oke (2004)
scheme, the city was divided into seven homogeneous regions called urban climate zones
(UCZ). Chandler, Auer, and Ellefsen’s classifications have limitations, including: i) using a full
set of climate properties for defining the classes; ii) having more limited use in more diverse
economic settings since they are all inclined to the form and function of modern, developed
cities; and iii) their class names and definitions change broadly with a place. Thereby, they
cannot provide systems with the means of comparison (Stewart and Oke 2012).

Stewart and Oke (2012) defined local climate zones, LCZs, as regions of uniform surface
cover, structure, material, and human activity that span hundreds of meters to several kilometres
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Fig. 1. Local climate zones (Stewart and Oke 2012).

in a horizontal scale. They developed an LCZ system to indicate the insufficiency of urban-
rural description in urban heat island studies. This system consists of 17 zones at the local scale;
15 LCZs are defined by surface structure, and 2 by the construction materials and anthropogenic
heat emissions. Figure 1 represents the local climate zones presented by Stewart and Oke
(2012), where 1-9 zones correspond to Oke (2004) urban climate zones.

2.3 Atmospheric boundary layer

The atmospheric boundary layer is part of the troposphere that is directly influenced by the
presence of the Earth’s surface and responds to surface forcing with a timescale of about an
hour or less (Stull 1988). The surface strongly impacts the wind, temperatures, and humidity
within this layer (Hartmann 2015). A typical depth of the boundary layer is about 1 km, but it
varies between 20 m and several kilometres (Hartmann 2015). Turbulence generated by fric-
tional drag as the air moves across the rough surface defines the boundary layer (Oke 2002).
The high frequency of turbulence near the ground makes the boundary layer distinct from the
rest of the atmosphere (Stull 1988).

The structure of the boundary layer changes broadly, depending on the meteorological con-
ditions and as a result of the surface heating or cooling (Hartmann 2015). As the surface is
heated during the daytime, the upward transfer of heat to the cooler atmosphere generates strong
thermal mixing (convection) and extends the boundary layer’s depth to about 1 to 2 km. During
the night, due to rapid surface cooling, there is a downward transfer of heat, which suppresses
the mixing, and boundary depth decreases to less than 100 m (Oke 2002).

Three major components of the boundary layer structure are the mixed layer (convective
BL), the residual layer, and the stable boundary layer (Stull 1988). The daytime convective
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layer is the mixed layer (Oke 2002). The residual layer forms half an hour before the sunset
when the turbulence decays in the formerly well-mixed layer. During the night, the bottom part
of the residual layer is transformed to the stable boundary layer by its contact with the ground
(Stull 1988).

2.3.1 Urban boundary layer

Urbanisation has changed the physical and chemical properties at the surface-atmosphere inter-
face by replacing natural surfaces with artificial urban elements. The urban climate was created
as a distinctive local climatic type due to changes in the meteorological properties of the atmos-
phere above the urban surfaces (Chandler 1976).

The urban boundary layer (UBL) is the part of the atmosphere in which people live and is
one of the most complex and least-understood microclimates (Barlow 2014). An internal
boundary layer starting at the upwind rural-urban border extends upward until it fills the whole
atmospheric BL and creates the urban BL (Oke et al. 2017). The urban boundary layer is more
complex than the rural and idealised one. It is non-homogeneous and non-stationary (Taha and
Bornstein 1999).

2.3.1.1 The difference between the urban and rural boundary layers

The mixed layer over the urban areas can be deeper than over the rural areas due to the higher
low-level convergence resulting in more cloud condensation nuclei. Higher frequency of thun-
derstorms and enhanced precipitation immediately downwind the city (Changnon 1981). More-
over, the presence of large buildings increases surface drag and turbulence and decreases the
mean wind speed (Oke 1982).

A mixed layer in the urban areas can continue throughout the night because of the large heat
capacity of buildings and streets and the heat released from transportation. The early evening
shallow surface BLs in the rural areas are not observed in the city.

Later, during the night, while there is a deeper rural stable layer than the height of buildings,
a shallow layer of air in the urban area can remain well mixed, but it is capped by the stable
layer (Godowitch et al. 1985). The depth of the nocturnal UBL is much less than in the daytime,
depending on the strength of the heat island and roughness effects (Oke et al. 2017). Sensible
heat flux at night drives a nocturnal mixed layer consisting of a shallow convective or near-
neutral turbulence layer (Barlow 2014). Furthermore, the highest temperature difference be-
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Fig. 2. Schematic diagram of the daytime convective urban boundary layer with wind flowing left to
right. Dashed lines indicate rural and urban boundary layers, solid lines indicate local internal boundary
layers (Barlow 2014).
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tween urban and rural areas are usually observed at night. The heat from the city is enough to
maintain a shallow convective mixed layer at night, even though a stable BL has developed
over the neighbouring rural area (Stull 1988).

The surface layer, which occupies almost 10% of the BL, consists of the roughness sublayer
(RSL) and the inertial sublayer (ISL).

An urban roughness sublayer (RSL) is defined as a depth of 2 to 5 times the mean building
height. Atmospheric flow is highly spatially dependent within this layer, and the mean flow can
be dominated by turbulence. Turbulence characteristics of the flow within RSL are different
from the flow in the inertial sub-layer (ISL) above. Within ISL, the turbulence is homogeneous,
and fluxes change slightly with height (Barlow 2014). Some of the UBL characteristics are
shown schematically in Fig. 2.

As shown in Fig. 2, the internal boundary layer (IBL) forms at the interface between the
smoother rural and rougher urban surfaces (Barlow 2014).

2.3.1.2 The urban canopy layer

The portion of the boundary layer between the rooftops and the ground is known as the urban
canopy layer (Oke and Cleugh 1987). Its characteristics are dominated by the energy and mass
exchange between individual surface facets and the canyon (Oke 1976). The urban canopy layer
climate results from complex exchanges between surfaces and UBL and UCL (Mills 1997). The
top of UCL is defined as the height of the urban elements — buildings or trees. Distinctly differ-
ent processes and phenomena occur near the roof-level compared with those within the canopy
(Oke et al. 2017). The volume of air within UCL consists of exterior and interior parts (Mills
1997). The exterior is the air in pedestrian and managed spaces, and the interior is the living
space within buildings, often controlled by space heating or cooling systems (Oke et al. 2017).

2.4 Surface energy balance

Knowledge of the surface energy balance is fundamental to understanding the boundary layer
meteorology and the climatology of any site. In conjunction with the synoptic wind, it provides
the energetic driving forces for the vertical fluxes of heat, mass, and momentum exchange.
Thus, it becomes essential to understand such features as the thermodynamic behaviour of air
and surface temperature and humidity, the dynamics of local airflow and boundary layer depth,
and indirectly, the concentration of atmospheric pollutants (Oke 1988). The surface energy bal-
ance (SEB) equation can be presented in the following form:

Q =Qn+Qe+Qc. (1)

The partitioning of net radiation (Q*) into the turbulent exchanges of sensible (Qn) and latent
(Qe) heat with the atmosphere and the conductive exchange of sensible heat (Qg) (Mills 2014).
There are four physical characteristics of urban areas which change the SEB. The microme-
teorological processes take place between a surface during the day and the night in comparison
to the rural areas, including (Hidalgo et al. 2008):
1. the scarcity of vegetation and the wide-scale use of impervious materials for buildings and
pavements,
2. the ability of building materials to store and release a large amount of heat within a few
hours,

3. the three-dimensional geometry of the urban surface (the “urban canyon” shape of streets),

4. the release of heat by human activities (traffic, space heating, space cooling, industry).
The urban surface energy balance (USEB) for the urban canopy (Arnfield 2003) is given
by:
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Q*+Qr=Qn+ Qe+ AQs+AQa, (2)

where the new terms are: Qr — heat released inside the canopy due to human activities associ-
ated with living, work, and travel and due to combustion of fuels as a heat source for the city
(called anthropogenic heat flux), AQs — the net heat storage change by all the fabric of the city
including its construction materials, trees, ground, and air contained in the canopy, and AQa —
the net energy added to or subtracted from, the canopy by advection through any sides of the
canopy.

The magnitude of Qr in a city depends on its per capita energy use and population density.
The largest Qr values are found in densely inhabited cities with cold climates or cities with
significant cooling needs. The value of Qr for a typical temperate latitude is in the range of 15—
50 Wm2 (Oke et al. 2017).

2.5 Urban heat island

The most striking characteristic of the urban microclimate is the urban heat island (UHI). The
UHI effect is widely recognised as a heat accumulation phenomenon, the most apparent char-
acteristic of urban climate caused by urban construction and human activities (Yang et al. 2016).
This phenomenon is generally experienced by an observer travelling between a city centre and
its less urbanised surroundings (Hidalgo et al. 2008). Howard’s study of the climate in London
identified the urban heat island effect by comparing temperature records taken outside London
(the “rural” temperature) with those collected by the Royal Society in the centre of London
(Howard 1833).

Howard concluded that the mean temperature of the climate in the rural part is lower than
in the more densely built-up parts of the metropolis, which is the effect of the population and
fires, and it must be proportionately taken into account in the suburban parts.

The UHI effect causes the temperature to be warmer in the city centre than in the surround-
ing areas (Fig. 3; Hidalgo et al. 2008). The average land surface temperature difference between
urban and rural areas reaches up to 12°C during the early night but is lower than during the
daytime (Ktysik and Fortuniak 1999). The main reason is the urban-rural temperature contrast
in the nocturnal cooling processes. These processes are forced by outgoing long-wave radiation
because of the built-in urban structures. The urban structures absorb most of the incident radi-
ation, store it, and release it as thermal radiation during the night (Oke 1997).
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Fig. 3. Urban heat island profile (Kim 2009).
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The time-varying characteristics of UHI generally follow a daily cycle, increasing during
the late afternoon or early evening and reaching a maximum at night. Its intensity decreases
after dawn and generally reaches a minimum during the morning hours (Hidalgo et al. 2008).
Seasonal cycles also affect the frequency of UHI occurrence. UHI may be less frequent or
weaker during rainy, cloudy, or windy seasons, while the opposite is true for conditions with
a clear sky (Hidalgo et al. 2008). Based on Howard’s investigations, processes responsible for
UHI are multiple reflections, anthropogenic heating, lack of evaporation, and retardation of
airflow (Mills 2008).

2.6 Urban canopy models

Urban canopy models (UCMs) represent urban areas for more accurate estimation of air tem-
perature, wind speed, relative humidity, precipitation, surface temperature, and shortwave and
long-wave radiation (Jandaghian et al. 2018).

Several UCMs were developed to simulate the surface energy transport and the flow dy-
namics in the lower urban atmosphere. The reduced computational cost of UCM (compared to
full flow-resolving models), while preserving the essential physics, allows for the coupling of
land surface models to mesoscale meteorological models (Wang 2011).

The main components required for urban climate impact simulation are physical processes
controlling energy and water fluxes and urban morphology and urban materials’ characterisa-
tion regarding aerodynamic, radiative, and heat transfer properties (Oleson et al. 2008).

Mesoscale meteorological models can be coupled with three types of urban canopy models:
slab, single layer, and multi-layer to calculate heat and moisture fluxes from the surfaces to the
atmosphere (Jandaghian and Berardi 2020).

The slab UCM (SB-UCM) is a one-dimensional model that considers buildings as increased
roughness elements of urban areas (Jandaghian and Berardi 2020). Slab models represent the
urban form as a flat horizontal surface with appropriate “bulk™ radiative, aerodynamic, and
thermal characteristics (Grimmond et al. 2010). Therefore, it assumes that buildings and roads
have the same temperature and implicitly treats the surface layer’s building height and coverage
ratio (Garuma 2018). The SB-UCM disregards the variability of surface morphology among
neighbourhoods (Jandaghian and Berardi 2020). The SB-UCM approach has the advantage of
simplicity and reduced computational cost and parameter requirements (Grimmond et al. 2010).
The slab model aims to calculate the effects of an urban canopy layer and provide energy and
momentum fluxes to the atmosphere (Garuma 2018).

The Single-Layer Urban Canopy Models, SL-UCMs (Fig. 4), are based on simplified urban
geometry but reasonably close to actual urban surfaces. The single-layer of the UCM (SL-
UCM) was developed to represent urban geometry by considering street canyons and walls,
roofs, and roads. An SL-UCM considers a single orientation of the two-dimensional approxi-
mation of streets (Jandaghian and Berardi 2020). This approach allows for more realistic rep-
resentations of radiative trapping and turbulent exchange (Grimmond et al. 2010). Kusaka and
Kimura (2004) developed a single layer urban canopy model that includes street canyons that
are parameterised to represent the urban geometry, shadowing from buildings and reflection of
radiation, the canyon orientation, and the diurnal change of the solar azimuth angle. The
artificial surface consists of eight canyons with a different orientation, the multi-layer heat equa-
tion for the roof, wall, and road interior temperatures. Moreover, snow and water are usually
treated in separate energy budgets (Garuma 2018).

The first and the simplest single-layer UCM is the Town Energy Balance (TEB) model de-
veloped by Masson (2000). Kusaka and Kimura (2004) also incorporated a single-layer urban
canopy model into a simple two-dimensional atmospheric model to describe the fundamental
impact of the urban canopy model but with an explicit treatment of canyon orientation. Lee and
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Fig. 4. Schematic of the single-layer urban canopy model. T, is the air temperature, Tw is the building
wall temperature, Tg is the road temperature, and Ts is the temperature defined at Zr + d. H is the sen-
sible heat exchange at the reference height. Ha is the sensible heat exchange from the canyon space to
the atmosphere. Similarly, Hw is that from wall to the canyon space, and Hg that from the roof to the
atmosphere (Kusaka and Kimura 2004).

Park (2008) added vegetation inside the street canyon. According to them, urban geometry
comprises simple homogeneous buildings characterised by the canyon aspect ratio and the can-
yon vegetation characterized by the leaf aspect ratio and leaf area density profile. The multi-
layer urban canopy model divides the canopy into many sub-layers down to the road surface.
Therefore, it better represents the atmosphere in the urban canyon than both SL-UCM and slab
models (Garuma 2018). ML-UCM computes the conservation equation for turbulence kinetic
energy (TKE) and potential temperature to estimate heat emissions from the canopy by consid-
ering the drag force, diffusion factor, and radiation properties. The effects of shadowing, radi-
ation trapping, and reflections are estimated for various building heights (Jandaghian and
Berardi 2020).

The SL-UCM developed by Kusaka et al. (2001) and Kusaka and Kimura (2004) have been
coupled into mesoscale atmospheric models such as Weather Research and Forecasting, WRF
model by Chen et al. (2004) and Miao et al. (2009). The WRF/SL-UCM system has been ap-
plied in different cities such as Beijing (Miao and Chen 2008; Tewari et al. 2010; Miao et al.
2009), Guangzhou-Hong Kong (Wang et al. 2009), Houston (Chen et al. 2004; Jiang et al.
2008), New York City (Holt and Pullen 2007), Taipei (Lin et al. 2008). These studies evaluated
the performance of the model against surface observations, atmospheric soundings, wind profile
data, and precipitation data. The ML-UCM developed by Martilli et al. (2002), called Building
Effect Parameterisation (BEP), allows for direct interaction with the PBL, recognises the three-
dimensional nature of urban surfaces, and captures the vertical distributions of heat, moisture,
and momentum throughout the whole urban canopy layer.

2.6.1 The town energy balance (TEB) model

Masson’s Town Energy Balance (TEB) model simulates turbulent fluxes, net radiation, surface
temperatures, and the partitioning between the turbulent and storage heat fluxes over urban
areas (Masson et al. 2002).
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The coupling of the TEB model with a mesoscale atmospheric model allows for the transfer
of surface turbulent energy and moisture fluxes into the atmospheric model (Masson 2000).

TEB incorporates canyon geometry, with three typical surfaces: roof, wall, and road to re-
produce the effects produced by buildings. A specific energy balance is computed for each of
these three surfaces?. This approach is relatively simple, but it still allows most of the physical
effects associated with the urban energy balance to be reproduced (Masson et al. 2002).

The fluxes should be computed for each land type by an appropriate scheme and then aver-
aged in the atmospheric model grid, weighted by land type. For example, partitions should be:
(1) sea; (ii) inland water; (iii) natural and cultivated terrestrial surface; and (iv) towns. The fol-
lowing fluxes are calculated: latent and sensible heat fluxes, upward radiative fluxes, and mo-
mentum fluxes (Masson 2000).

The original city representation in the TEB model is the following:

1. Buildings have the same height and width (in the model mesh), with the roof level at the
surface level of the atmospheric model;

2. Buildings are located along identical roads, the length of which is considered far greater
than their width; the space contained between two facing buildings is defined as a canyon;

3. Any road orientation is possible, and all exist with the same probability. This hypothesis
allows the computation of averaged forcing for road and wall surfaces. In other words,
when the canyon orientation appears in a formula (concerning the sun or the wind direc-
tion), it is averaged over 360 degrees. In this way, no discretisation is performed on the
orientation.

Because of the presence of surface temperatures in the TEB scheme, the saturation specific
humidity, and thus the turbulent latent heat flux, can be computed more easily. Both roofs and
roads intercept the liquid precipitation, and there is runoff from roofs and roads to the drainage
system. A certain amount of water can cover roads and roofs. These surfaces are impervious.
Then, treating the fraction of the surface covered by water is more judicious than defining rel-
ative humidity. This part is saturated (fractional water pools), while the other part is assumed
to be dry. Water evaporates when the air humidity is unsaturated until all water has disappeared
from the impervious surface (Masson 2000). Two significant heat sources from the artificial
cover towards the atmosphere based on the TEB approach are roofs and street canyons. The
two flux contributions are averaged relative to their horizontal areas. This represents the mixing
in the urban roughness sub-layer. In suburban environments, the averaging of the sensible and
latent heat fluxes from the green-space artificial parts are supposed to parameterise the rough-
ness sub-layer effects (Masson 2000).

2.7 Sensitivity analysis for urban climate simulations

The urban climate simulation includes parameterisations for microphysics, cumulus clouds,
planetary boundary layer, radiation, land surface, as well as the urban canopy. The sensitivity
analysis of meteorological parameters to different parameterisations allows researchers to select
the most accurate model for urban climate simulations (Jandaghian et al. 2018). Mesoscale
models with urban canopy parameterisations are used to study urban boundary layer processes.

Different studies show that such parameterisations are sensitive to the urban canopy param-
eters that define the urban morphology (Salamanca et al. 2011). For instance, Sharma et al.
(2014) used four urban surface parameterisations to test the sensitivity of different complexities
on urban parameterisation. The first scheme represented zero-order effects of urban surface,
which performed the worst due to its weakness of not resolving key urban features. The second

2https://www.umr-cnrm.fr/spip.php?article199&Ilang=fr, last access on 16/02/2022
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scheme was a 2-D street canyon, the third scheme, the multi-layer Building Environment Pa-
rameterisations (BEP), and the fourth scheme coupled BEP with multi-layer Building Environ-
ment Model (BEM) scheme.

Sharma et al. (2017) evaluated the simulation of summertime high temperatures and the
sensitivity of these simulated phenomena to all the available urban parameterisation schemes
employed in the urban-Weather Research and Forecasting (UWWRF) model. Their results showed
that including sub-grid scale variability of land-use and initialising models with well-defined
land surface data can yield improved simulations of near-surface temperatures and wind speed.

Salamanca et al. (2011) used four urban canopy schemes, with different degrees of com-
plexity, with the Weather Research and Forecasting (WRF) model to simulate the planetary
boundary layer over the city of Houston, Texas (USA), for two days in August 2000. They
concluded that if the purpose of the simulation requires only an estimate of the 2-m temperature,
a simple bulk scheme is sufficient. Still, suppose the purpose of the simulation is to evaluate an
urban heat island mitigation strategy or evaluate the energy consumption due to air conditioning
at a city scale, it is necessary to use a complex urban canopy scheme and a detailed urban
canopy parameter (Salamanca et al. 2011).

Daniel et al. (2019) carried out a sensitivity study over France. In their study, three different
descriptions of land use and urban modelling were compared, including explicit description of
cities with specific urban parameterisation (CITY), impervious urban covers as a rock (ROCK)
and replacement of the cities by natural covers (VEG), corresponding to explicit modelling of
cities with the urban canopy model TEB. It was shown that cities could influence their sur-
rounding at a regional scale. By comparison with the VEG experiment, the French largest cities
all induce a warming effect for near-surface temperature. Moreover, the intensity and spatial
extent of the city’s influence were more significant when using a detailed urban canopy model
than for the ROCK experiment.

A single-layer urban canopy model offline and the surface energy balance data were used
to evaluate the capability of the model to simulate the urban surface energy balance in Nanjing,
China. The sensitivity analysis showed that the SL-UCM simulation is more sensitive to the
roof and wall parameters than the road parameters. Based on the sensitivity analysis, a set of
parameters was given for Nanjing suitable for winter simulations (Zhao et al. 2014).

Baklanov et al. (2008) performed a sensitivity analysis of the urban effects (urban albedo
and roughness, anthropogenic heat flux, heat island, and urban aerosols on meteorology and air
pollution with an urban-scale version of HIRLAM (HIgh Resolution Limited Area Model)
NWP model. They also carried out the sensitivity tests of the offline versus online coupling of
MetM and ACT models in Enviro-HIRLAM. Preliminary tests showed that the online integra-
tion of MetMs and ACTMs with consideration of the feedback of air pollution on meteorolog-
ical processes and urban climate is a promising way to develop future environmental forecasting
systems (Baklanov et al. 2008).

Sensitivity tests were carried out using a single-column version of the ALADIN-HIRLAM
numerical weather prediction system. A set up with the HLRADIA simple broadband radiation
scheme was used to study the impact of aerosol distribution and optical properties on radiative
transfer, using climatological and real-time aerosol data (Rontu et al. 2020). Also, they deter-
mined that the most significant differences in radiative fluxes and heating rates were due to
different aerosol loads. The larger the loads are, the more radiative fluxes and heating rates are
sensitive to the aerosol inherent optical properties and the vertical distribution of the aerosol
species.
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3. DATA AND METHODS

This work studies the impact of different land use/land covers on the modelled urban atmos-
pheric environment. The case study in the presented thesis is the city of Warsaw in Poland. The
sensitivity study with the GEM model in a high-resolution configuration (1 km) was performed
to assess the impact of the TEB urban parameterisation on a short-term meteorological forecast.
Four cases representing different seasons with different weather patterns were selected.

This chapter explains the modelling tools and methods used to perform sensitivity studies
and the features of selected cases concerning meteorological parameters.

3.1 The GEM Model

GEM (Global Environmental Multiscale) model is a global variable-resolution model designed
to forecast weather over a broad range of scales, from the global scale down to the mesoscale
(Coté et al. 1998). The GEM model was developed at the Canadian Meteorological Centre and
is used for operational weather prediction in Canada (Coté et al. 1998).

There are three important motivations for modelling the atmosphere. These are to forecast
the weather, address climate issues such as global change, and address air quality issues such
as smog, stratospheric ozone depletion, and acid rain.

An urbanised version of the GEM mesoscale meteorological model was developed to im-
prove the representation of surface and boundary-layer processes in the urban environment.
This new system is used at grid scales between 200 m and 20 km (Lemonsu et al. 2009). The
GEM model uses TEB parametrisation (Masson 2000) at these scales. The urban scheme was
developed to simulate the specific physical processes in urban canopies (Lemonsu et al. 2010).

The GEM model with the TEB parameterisation was tested for Oklahoma City, Oklahoma
(USA) at the resolution of 300 m for two observational periods of the Joint Urban 2003 exper-
iment (Lemonsu et al. 2009). The results from the model showed that TEB parameterisation
correctly simulates the urban microclimate, in particular the positive nighttime urban heat is-
land. Moreover, the vertical structure of the boundary layer above the city was reasonably well
simulated. Lemonsu et al. (2010) also studied TEB’s performance under snowy conditions by
focusing on radiation/energy exchanges and snow cover evolution using the Montreal Urban
Snow Experiment (MUSE) dataset during the winter-spring transition period. The comparison
of simulations with flux measurements showed that the system performs well when roads and
alleys are snow covered.

3.2 Target area — the city of Warsaw

Warsaw is located in the centre of the country on the Vistula River — the largest river in Poland.
Its area of almost 517 km? has significant differentiation of Land use/Land cover. Currently,
about 248 km? is the built-up area (48%). A considerable part (about 57 km?) is covered by
industry, trade units, and transport systems. Forests make up about 15% of the city area. Urban
parks and other recreational green areas cover 10% of the city. 12% of the city area is used as
arable land for crops and pasture. The category “heterogeneous agricultural areas” includes
sparsely built areas and allotment gardens — 11.3% (CORINE Land Cover 2007).

The current strategy of the city development is to build densely settled residential districts
and insert new buildings into the free spaces in the city centre®.

The city of Warsaw is located on flat terrain—the difference between the highest and lowest
point is only 43 m. Western and southwestern winds prevail over the city. The main ventilation

3Strategic conceptions of conditions and directions of the spatial development of Warsaw witch changes, Legal
act LX11/1667/2018, March 1, 2018, Council of Warsaw, 2018.
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Fig. 5. The model domain obtained from https://www.openstreetmap.org.

corridor is the Vistula River Valley, which crosses the agglomeration (southeastern to north-
western direction). Figure 5 shows the map of the case study area.

3.3 CORINE Land Cover (CLC)

For the study, data for land-use from the CORINE land cover was used (https://land.coperni-
cus.eu/European/Corine-land-cover). The first European and Polish CORINE (coordination of
information on the environment) Land Cover (CLC) map was created for the reference year
1990, then subsequently for 2000, 2006, 2012, and 2018 (Hos$cito and Tomaszewska 2014). It
consists of an inventory of land cover in 44 classes. CLC has a wide variety of applications,
supporting various Community policies in the environment, agriculture, transport, spatial plan-
ning domains (land.copernicus.eu).
Three levels of CORINE land cover are presented in Fig. 6.
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Fig. 6. CORINE Land Cover legend (https://www.eea.europa.eu/data-and-maps/figures/corine-land-

Corine land cover classes

1. Artificial surfaces
1.1 Urban fabric

- 1.1.1. Continuous urban fabric
- 1.1.2. Discontinuous urban fabric

1.2 Industrial, commercial and transport units

- 1.2.1. Industrial or commercial units

- 1.2.2, Road and rail networks and associated land

I:\ 1.2.3. Portareas
I:' 1.2.4, Airports

1.3 Mine, dump and construction sites

- 1.3.1. Mineral extraction sites
- 1.3.2. Dump sites
- 1.3.3. Construction sites

1.4 Artificial, non-agricultural ve getated areas

:\ 1.4.1. Green urban areas
l:' 1.4.2. Sport and leisure facilities

2. Agricultural areas
2.1 Arable land

|:| 2.1.1. Non-imigated arable land

I:' 2.1.2, Permanently irrigated land

I:\ 2.1.3. Rice fields

2.2 Permanent crops

- 2.2.1. Vineyards

Cl 2.2.2, Fruit trees and berry plantations

I:I 2.2.3. QOlive groves

2.3 Pastures

D 2.3.1. Pastures

2.4 Heterogeneous agricultural areas

2.4.1. Annual crops associated with permanent crops

I:l 2.4.2. Complex cultivation patterns

:I 2.4.3, Land principally occupied by agriculture

l:l 2.4.4, Agro-forestry areas

cover-2006-by-country).

3. Forest and seminatural areas
3.1 Forests

I:’ 3.1.1. Broad-leaved forest

- 3.1.2. Coniferous forest

I:I 3.1.3. Mixed forest

3.2 Shrub and/or herbaceous vegetation associations
|:| 3.2.1. Natural grassland

I:\ 3.2.2. Moors and heathland

I:' 3.2.3. Sclerophyllous vegetation
I:I 3.2.4. Transitional woodland shrub

3.3 Open spaces with little or no vegetation

I:\ 3.3.1. Beaches, dunes, and sand plains

I:\ 3.3.2. Bare rock
|:| 3.3.3. Sparsely vegetated areas

- 3.3.4. Burnt areas

I:\ 3.3.5. Glaciers and perpetual snow
4. Wetlands

4.1 Inland wetlands

I:’ 4.1.1. Inland marshes
- 4.1.2. Peat bogs

4.2 Coastal wetlands

D 4.2.1. Salt marshes
|| 422 salines
I:I 4.2.3. Intertidal flats

5. Water bodies

5.1 Inland waters

|:| 5.1.1. Water courses
5.1.2. Water bodies

5.2 Marine waters

I:’ 5.2.1. Coastal lagoons
5.2.2. Estuaries
I:l 5.2.3. Sea and ocean

3.4 Urban modelling description and the TEB parameterisation

The 1-km global land-cover characteristics database (Loveland et al. 2000) is used in the GEM
model for the land-use land-cover description. Land-cover regrouped into 26 land-use land-
cover classes but with only one urban class, derived from the digital chart of the world (Lem-

onsu et al. 2009). The 26 vegetation types are standard GEM input presented in Table 1.
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Table 1
26 vegetation types in GEM model
No. Class Zo[m] [ No. Class Zo [m]
1 | sea (water) 0.001 14 | long grass 0.08
2 | glacier 0.0003 15 | crops 0.08
3 | inland lake 0.001 16 | rice 0.08
4 | evergreen needle-leaf trees 15 17 | sugar 0.35
5 | evergreen broadleaf trees 35 18 | corn 0.25
6 | deciduous needle-leaf trees 1.0 19 | cotton 0.1
7 | deciduous broadleaf trees 2.0 20 | irrigated crops 0.08
8 | tropical broadleaf trees 3.0 21 | urban 1.35
9 | drought deciduous trees 0.8 22 | tundra 0.01
10 | evergreen broadleaf shrubs 0.05 23 | swamp 0.05
11 | deciduous shrubs 0.15 24 | desert 0.05
12 | thorn shrubs 0.15 25 | mixed wood forests | 1.5
13 | short grass and forbs 0.02 26 | mixed shrubs 0.05

TEB parameterisation represents the physical mechanisms inside the urban canopy and the
exchanges between the built-up covers and the atmosphere (Lemonsu et al. 2009). TEB pro-
vides a land-use land-cover classification composed of 12 urban classes consisting of different
urban landscapes (Lemonsu et al. 2009), summarised in Table 2 and some of the parameters
proposed by Lemonsu et al. (2009) for the GEM model.

Table 2
Urban land-use categories in TEB — default settings for selected parameters in the GEM model
No. | TeBummnoover | BB cton | o | et
[m] [Wm™]
1 High buildings 0.95 39 30
2 Mid-high buildings 0.90 25 25
3 Low buildings 0.9 13 30
4 Very low buildings 0.85 8 30
5 Industrial areas 0.85 8 50
6 Sparse buildings 0.40 12 15
7 Roads and parking areas 0.98 5 30
8 Road borders 0.70 5 30
9 High-density suburbs 0.44 5 15
10 Mid-density suburbs 0.27 5 15
11 Low-density suburbs 0.18 8 15
12 Mix of built/nature 0.25 8 0
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3.4.1 The land surface of Warsaw

The land-use data obtained from the CORINE land cover* were associated with corresponding
categories in the TEB parameterisation using the QGIS tool. Table 3 shows Warsaw’s urban
land use based on the TEB classification.

In the next step, the calculated fractions of each class are shown in Fig. 7. These fractions
were used as the input file for the GEM model.

Table 3
Urban land-use categories in TEB vs CORINE land cover
No. TEB urban cover CLC code CLC
1 High buildings
2 | Mid-high buildings 111 Continuous urban factor
3 Low buildings
4 | Very low buildings
5 Industrial areas 133 Industrial or commercial sites
122 Construction sites
6 | Sparse buildings 112 Discontinuous urban factor
7 | Roads and parkings 121 Road and rail network and associated land
8 Road borders
9 High-density suburbs
10 | Mid-density suburbs
11 | Low-density suburbs
12 | Mix built and nature 141 Green urban areas
211 Non-irrigated arable land

3.5 GEM model set up

In this study, the GEM model setup is based on the limited area version of the GEM model
(GEM-LAM). Limited area models are widely used in numerical weather prediction and re-
gional climate modelling to obtain high-resolution results computationally too expensive with
a global model.

The GEM model was initialised using meteorological initial conditions taken from the Ca-
nadian Meteorological Centre (CMC) global assimilation system with the resolution of ~35 km
(Gauthier et al. 1999, 2007; Laroche et al. 2007). The model was run in a cascade mode. The
first model was run on a global variable resolution domain with a horizontal grid spacing of
~5 km over Central Europe. The output from the regional run was used to drive the model for
the presented experiments and for further cascade to 1 km. Initial and boundary conditions from
the global run were used for nesting the limited area model (LAM) with ~1 km grid spacing.
Nesting from the regional model was done every hour. The limited area model was run on 120 x
120 grid pints with a 15 s time step. The boundary condition (buffer zone) was set at 10 grid
pints. Modelling results were analysed on the domain’s inner part of 100 x 100 grid points. The
model domain had 28 pressure hybrid levels in vertical, with 10 levels in the first 3 km. The
model top was at 10 hPa (~30 km).

4 https://land.copernicus.eu/pan-european/corine-land-cover", last access: 30/09/2020
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Fig. 7. The fractions of: a) mid-high buildings, b) sparse buildings, c) roads and parkings, d) industrial
areas, and e) mix of built-up and nature areas in the TEB classification for Warsaw.

According to Fig. 7, mid-high buildings are in the centre of Warsaw, the rest of the city is
covered with sparse structures, and the mix of built-up and nature areas is primarily located in
the outskirt of Warsaw.

3.5.1 Modelling scenarios

Four one-day cases representing different meteorological conditions were selected. The forecast
length is 24 hours (starting 06:00 UTC) with the time step of 15 s.
1. January 29, 2010; Winter case

2. April 24, 2010; Spring case
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3. June 6, 2010; Late spring case
4. July 23, 2010; Summer case

Two types of simulations were performed to analyse the impact of the urban parametrisation
on modelled meteorological parameters:

e A reference run without the TEB parametrisation, so it contains 26 land-use land-
cover classes within the GEM model, including a single urban class (Table 2);
e The urban scenario with the TEB classification of urban land cover (Table 3).

The characteristics of the model setup and cases are summarised in Table 4. Analysis was
done based on the output obtained from the average of 10 grid points from the centre of the
model (centre of the city) in two directions — i.e., 20 grid points in total — which is 8% of the
whole domain (excluding the absorber zone). The domain of the analysis is presented in Fig. 8.

170 =
' 0 5 10 km 3 domain
Sl S— [ Warsaw districts

| | ) | I |
130 235 2040 245 250 2055 21

Fig. 8. Selected domain of analysis (https://www.openstreetmap.org).

Table 4
Description of the model setup and four one-day cases

No. Cases Res[i'r:‘];'on Grid Initial time D“Eﬁ;'on
1 | January 29, 2010 1 120 x 120 06:00 UTC 24
2 | April 24, 2010 1 120 x 120 | 06:00 UTC 24
3 | June 6, 2010 1 120 x 120 | 06:00 UTC 24
4 | July 23, 2010 1 120 x 120 | 06:00 UTC 24
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3.5.2 Sensitivity analysis

The TEB module (Masson 2000) was run online in an interactive mode in the GEM model. The
modelling setup was used to run scenarios for sensitivity analysis for three different scenarios
with different descriptions of land use and land cover for urban areas:
e City scenario using the TEB classification (TEB-CLC) (Table 3),
e High building scenario where the city is covered with impervious high buildings land
cover (TEB-HB),
e Vegetation only for which city is replaced by the surrounding natural covers (TEB-
VEGQG).

In the second scenario (TEB-HB), the sparse buildings category from the TEB urban cover
was replaced by high buildings. In the third scenario (TEB-VEG), all the categories from the
TEB urban cover were substituted by forest and vegetated areas as defined in TEB.

The 24-h simulations began at 06:00 UTC. A set of 12 simulations (3 urban schemes for
every selected day) were performed to study the sensitivity of different meteorological param-
eters to three surface land covers. The urban model set-up resembles the city of Warsaw. The
percentage of each urban land-use category in TEB for each scenario is presented in Table 5.

Table 5

Percentage of different TEB categories
in three TEB-CLC, TEB-HB, and TEB-VEG scenarios

TEB classifications TEB-CLC TEB-HB TEB-VEG
Mid-high buildings 0.12% 10.97% 0
Sparse buildings 10.85% 0 0
Roads and parking areas 0.36% 0.36% 0
Industrial areas 1.11% 1.11% 0
Mix built and nature 43.92% 43.92% 0
Other (forests, agricultural 43.64% 43.64% 100%

lands, water bodies)

3.6 Model output
The meteorological parameters, including temperature, specific humidity, precipitation rate,
and turbulent kinetic energy, were calculated by the model and analysed to:
e describe the diurnal cycle of the parameters as mentioned earlier,
e reproduce some of the most important urban boundary layer features and study urban
influences on the structure of the boundary layer.
The analysis was done for two setups without and with the TEB parameterisation.

3.7 Meteorological conditions

Meteorological synoptic conditions for the selected cases are presented in the following sec-
tions.

3.7.1 January 29, 2010

From January 27 to 31, Poland was under the influence of low-pressure systems with atmos-
pheric fronts. The main low-pressure centres were located over Ukraine, the North Sea, and
Scandinavia. A slightly warmer and humid polar-sea air mass was advected over Poland from
the west, which brought an overcast sky with more showers and intermittent heavy snowfall.
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Fig. 9. Average daily and extreme air temperatures as well as a daily sum of precipitation in January
2010 in Warsaw (https://danepubliczne.imgw.pl/data/dane _  pomiarowo_obserwacyjne/Biuletyn
PSHM). In this graph, the black bars show the sum of precipitation on each day of January 2010, thick
green line the daily average temperature from 1971 to 2000, the thin green line the daily average tem-
perature of January 2010, the blue line the min temperature, and red line the maximum temperature.

Figure 9 shows the average daily and extreme temperature and precipitation in January
2010.

In Warsaw, the standard deviation of the average daily temperature from 1971 to 2000 was
—6°C, and during a month, the total rainfall was 25.2 mm, which is 114% of the long-term
average.

3.7.1.1 April 24, 2010

April 2010 was unusually warm in Warsaw, and the southern part of the Mazovia voivodship
was extremely dry.

From April 23 to 30, the cold air of Arctic origin initially advected from the north and later
warm polar-maritime air from the south-west.

Figure 10 shows the average daily and extreme temperature and precipitation in April 2010.
April 24 recorded the lowest minimum temperature in this month. In Warsaw, during a month,
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Fig. 10. Average daily and extreme air temperatures as well as a daily sum of precipitation in April 2010
in Warsaw (https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/Biuletyn PSHM). In
this graph, the black bars show the sum of precipitation on each day of April 2010, thick green line the
daily average temperature from 1971 to 2000, the thin green line the daily average temperature in April
2010, the blue line the min temperature, and the red line the maximum temperature.
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the sum of rainfall was 39.0 mm, 112.6% of the long-term average, although there was no pre-
cipitation on April 24, 2010 (https://danepubliczne.imgw.pl/data/dane_pomiarowo
obserwacyjne/Biuletyn_PSHM).

3.7.1.2 June 6, 2010

On June 5 and 6, the polar-maritime air mass dominated the country. It was cloudless or over-
cast with almost no precipitation. The wind was weak, with periods of moderate, and it was
variable with a predominance from the south.

Figure 11 shows the average daily and extreme temperature and precipitation in June 2010.
In Warsaw, the average monthly temperature was 17.8°C.
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Fig. 11. Average daily and extreme air temperatures as well as a daily sum of precipitation in June 2010
in Warsaw (https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/Biuletyn PSHM). In
this graph, the black bars show the sum of precipitation on each day of June 2010, thick green line the
daily average temperature from 1971 to 2000, the thin green line the daily average temperature in June
2010, the blue line the min temperature, and red line the maximum temperature.

3.7.1.3 July 23, 2010

From July 23 to 31, Poland was within a low-pressure system with atmospheric fronts. This
period was the wettest period of the month. The first front moved on July 23 and 24. These
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Fig. 12. Average daily and extreme air temperatures as well as a daily sum of precipitation in July 2010
in Warsaw (https://danepubliczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/Biuletyn PSHM). In
this graph, the black bars show the sum of precipitation on each day of July 2010, thick green line the
daily average temperature from 1971 to 2000, the thin green line the daily average temperature in July
2010, the blue line the min temperature, and red line the maximum temperature.
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days, the cold, polar-maritime air advected into the western districts and the hot and humid
tropical air mass over the central and eastern parts. Until the end of the month, Poland remained
in the polar-maritime air mass, cool in the west and warm in the east (https://danepub-
liczne.imgw.pl/data/dane_pomiarowo_obserwacyjne/Biuletyn_PSHM).

Figure 12 shows the average daily and extreme temperature and precipitation in July 2010.
In Warsaw, the average monthly temperature was 21.9°C, which exceeds the 30-year average
by 3.8°C. July 23 was recorded as one of the hottest days in July 2010.

3.8 Observational data

Road Weather Observational Network (Zarzad Oczyszczania Miasta, ZOM) has a network of
18 measurement stations located in Warsaw. The network is designed to monitor road condi-
tions. Therefore, each station is located close to the street. Most of the sensors are mounted on
lampposts (streetlights) along streets.

Measurements are made every ten minutes. The following parameters are measured at each
station:
air temperature,
surface road temperature,
relative air humidity,
wind speed at 9.5 meters,
wind direction,
turbulent sensible heat flux calculated by profile method (using temperature and wind
speed gradient).

Six stations were selected to do the statistical evaluation, including: Putawska, Jelonki, Kra-
kowska, Radzyminska, Jerozolimskie, and Bielany stations.

These stations were chosen because they were in the domain taken for the analysis. The
stations are away from tall buildings. Sensors measuring the road surface temperature are em-
bedded in the road and located in the traffic lane’s centre.

The height of the measuring sensors varies. The lowest air temperature sensor is installed at
the Krakowska station. The highest wind sensor is located at the Putawska station, and the
lowest is at the Krakowska station. At each station, the height of the measuring instruments is
higher than the average height of the terrain obstacles. The terrain obstacles causing high aver-
age values are in the vicinity of the Putawska station, a street viaduct. Table 6 presents the
thermometer height and mean height of roughness elements within 250 m from the stations.

Table 6

Observational instruments heights and mean height of roughness elements
located within 250 m from the stations (Gawuc et al. 2022)

Thermometer | The average height | Height of the station
Stations height of terrain obstacles above sea level
[m] [m] [m]
Jelonki 3.00 1.10 112.26
Krakowska 5.78 1.60 109.96
Pulawska 3.40 3.00 104.44
Bielany 4.30 0.63 86.24
Jerozolimskie 3.40 -1.44 114.89
Radzyminska 3.20 1.28 84.56
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Station locations are shown in Fig. 13. The Bielany station is located at Wybrzeze Gdynskie
street. It is a busy exit street from Warsaw. A dense forest surrounds the station. The Vistula
River is at the north. The Jelonki station is located at Potczynska street. The station’s surround-
ings are typical single-family houses with lots of trees. The Jerozolimskie station is located on
the avenue with the same name. It is a busy four-lane road. Office buildings and meadows
surround the station, with individual buildings at a great distance from each other. Putawska
station is located at the intersection of Pileckiego and Putawska street. It is a station surrounded
by tall residential buildings, medium-high buildings, or office buildings. The Radzyminska sta-
tion is located on the road with the same name. A large single-family low-rise housing area
surrounds the station. Jelonki and Radzyminska stations are located in the area with low-single
family houses with a large fraction of vegetation. The Bielany station is located near a dense
forest (Las Bielanski).
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Fig. 13. The location of the ZOM stations (red points) and radiosounding station (blue point) (https://
WWW.openstreetmap.org).

3.8.1 Vertical profiles evaluation with soundings

Vertical profiles of temperature taken from the model (NOTEB and TEB scenarios) of seven
levels (~1500 m) were compared with the radiosoundings obtained from the Legionowo station
(Table 7). The location of this station is presented in the map of the model domain in Fig. 13.
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Table 7
Radiosounding station selected for comparison with model results

Station No. GMT Latitude Longitude

12374 0.12 52.40 20.96

Legionowo

4. RESULTS AND DISCUSSION

This study selected four one-day cases from 2010 with different weather conditions represent-
ing winter, spring, late spring, and summer. Four one-day cases presented in Table 8 give
a good sample of weather patterns over Poland and specifically over the city of Warsaw for
these seasons.

Table 8

The summary of main characteristics of the four one-day cases

snowfall (1 mm)

Winter Spring Late spring Summer
29 January 24 April 6 June 23 July
Moderate wind, Moderate wind, | Weak wind, The frontal passage
Main cloudiness, clear sky, clear sky, (day-time),
characteristics | cold air mass, no precipitation | no precipitation | clear sky (night-time),

no precipitation

Temperature

max = 0°C
min =—-2°C

max = 14°C
min =7°C

max = 23°C
min = 16°C

max = 33°C
min = 22°C

Results presented in this chapter are divided into three parts: The first part focuses on the
boundary layer structure over Warsaw, comparing NO-TEB and TEB scenarios. The second
part discusses the sensitivity analysis considering three scenarios: TEB-CLC, TEB-HB, and
TEB-VEG and how the urban heat island changes with different land covers.

The last part studies the difference between the modelling results and the measured data
obtained from the ZOM stations.

4.1 Boundary layer analysis

The boundary layer profiles and temperature cross-sections over Warsaw were studied for two
NO-TEB and TEB scenarios based on the 26 land-use land-cover classes in the GEM model.
Vertical profiles of temperature, specific humidity, potential temperature, and turbulent Kinetic
energy to the height of 3000 m were studied for four one-day cases. The location of the cross-
sections studied in this section is shown in Fig. 14.

4.1.1 C1- Winter case

Radiation inversions are more common during winter, when the outgoing longwave radiation
exceeds the incoming solar radiation. As presented in Fig. 15, on January 29, at 07:00 UTC, the
NO-TEB scenario shows an inversion at low altitudes. After the sunrise, in the morning, the
inversion still can be observed. On the other hand, the TEB scenario does not show the inversion
early in the morning due to the warmer surface. During the day, a weak inversion exists in the
NO-TEB scenario, while there is no inversion in the TEB scenario. After sunset, a strong in-
version occurs, deeper and stronger for the NO-TEB scenario. The inversion occurs after the
sunset and its thickness and strength increase with time. However, the intensity of inversion for
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Fig. 15. Vertical profile of temperature on January 29, 2010, for NO-TEB and TEB scenarios. Error bars
present the standard deviation.
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Fig. 16. Cross-section of temperature difference between TEB and NO-TEB scenario on January 29,
2010, during the day (left), and during the night (right).

the TEB scenario is weaker. The variability of the temperature has been presented in the plots
with standard deviation as error bars. There is a very weak variability in the higher altitudes,
and a strong variability in the lower altitudes after the sunset.

Figure 16 presents the cross-section of the temperature difference between the TEB and
NO-TEB scenario on January 29, 2010. The temperature vertical cross-section shows changes
of temperature spatially and gives a better understanding of the status of the boundary layer
between the two scenarios. The temperature gradient during the day clearly shows that the urban
area is warmer than the no urban area, and the temperature decreases with altitude. However,
the atmosphere above the urban area is also warmer in the upper levels up to 500 m.

The temperature cross-section at night shows surface-based inversion in both scenarios. It
can be seen that the inversion in the NO-TEB scenario is stronger than the TEB scenario, par-
ticularly in the city centre. However, the atmosphere just over the city surface is warmer than
in the no urban scenario, and since there is no significant mixing at night in the stable boundary
layer, the impact of the warmer surface is up to the height of ~100 m (near-surface). The an-
thropogenic heat flux (AHF) impact is important due to the lower absorbed solar radiation in

winter. Therefore the temperature is higher in the TEB scenario than in the NO-TEB scenario,
especially at night due to residential heating. There is an area with the latitude/longitude coor-
dinates of 52.24, 20.82 with the warmer surface in the NO-TEB scenario compared to the TEB
scenario. This place is an open non-irrigated land next to the Kampinoski National Park. This
area in the TEB model based on the initial parameterisation is considered a “mix of built and
nature” category with a zero AHF, while in NO-TEB scenario is considered to be a green area
based on GEM model vegetation types. Most forests are warmer than open land in the mid-
latitudes during the night. The NO-TEB scenario is warmer than the TEB scenario in this area.

The slope of the potential temperature profile directly indicates static stability (Stull 1988).
Figure 17 illustrates the virtual potential temperature profile over Warsaw starting just before
sunrise. At 07:00 UTC, there is a stable boundary layer in both scenarios because the potential
temperature increases with height. Therefore, there is an inversion that is stronger for the NO-
TEB scenario.

Due to the warmer surface in the TEB scenario (Fig. 17), convection already starts to mix
warm air up throughout the stable boundary layer and then expands to the mixed layer. At
09:00 UTC, the NO-TEB scenario is still stable, and there is a persistent inversion in the near-
surface layer during the day but at a lower altitude. On the other hand, in the TEB scenario, the
convective mixed layer is formed at a lower altitude (~100 m), and since the potential tempera-
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Fig. 17. Vertical profile of virtual potential temperature on January 29, 2010, for NO-TEB and TEB-
scenarios.

ture decreases with height, there is an unstable boundary layer. Later after midday, surface
heating causes the air near the surface to be of a higher virtual potential temperature than the air
just above it, so the air is superadiabatic and, having a vertical slope of the potential temperature,
the atmosphere is neutral in the TEB scenario. After the sunset, the NO-TEB scenario preserves
the stable atmosphere and forms an intense inversion layer. The surface cools down after sunset
in the TEB scenario, and the near-surface layer becomes stable with a temperature inversion.
The specific humidity usually decreases with height. However, there are layers where
specific humidity increases with height. This means humidity inversion has taken place in these
layers. The increase in specific humidity with height within inversions results in a downward
moisture flux. Based on Fig. 18, there is the simultaneous occurrence of the low-level humidity
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Fig. 18. Vertical profile of specific humidity on January 29, 2010, for NO-TEB and TEB scenarios. Error
bars present the standard deviation.

inversion and temperature inversion at night. The simultaneous occurrence of both surface-
based inversion types is extremely rare, but in Europe, it reaches a relatively high frequency at
night-time in winter (Palarz and Celinski-Mystaw 2020). Nygard et al. (2013) and Brunke et al.
(2015) studied the humidity inversion over the polar regions and examined various vertical
ranges in the troposphere. According to their findings, over the Arctic and Antarctic, almost
half of the humidity inversion is accompanied by temperature inversion. In comparison,
Wypych and Bochenek (2018) stated that over Europe, approximately 70% of surface-based
humidity inversions occur simultaneously with a temperature inversion and can be up to 90%
over Eastern Europe. Palarz and Celinski-Mystaw (2020) found that one of the most frequent
locations of humidity inversion development is in Eastern Europe in winter. Being in the area
influenced by the extensive high-pressure systems, with large-scale subsidence and adiabatic
heating of air parcels, results in temperature inversion development and enhances moisture con-
densation and eventually humidity inversion formation (Palarz and Celinski-Mystaw 2020).

There is a shallow boundary layer after sunrise, which is mainly in the TEB scenario due to
the warmer surface (Fig. 19); therefore, during the day, there is turbulence in the lower altitudes
due to the thermal effects. As a result, there is a stronger turbulent kinetic energy near the sur-
face in the TEB scenario. Another reason for higher near-surface TKE is the higher surface
roughness in the urban area. As it was found by Hagen (1854) and Darcy (1857), the roughness
affects pressure drop by increasing the drag force and blockage effects.

Considering the temperature cross-section in Fig. 16, the higher temperature at night in the
higher levels still can be observed in the TEB scenario, which can be the reason for higher TKE
at the higher levels. The higher TKE in higher altitudes in both scenarios — particularly the NO-
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Fig. 20. Vertical profile of wind speed at night.

TEB scenario — can be associated with the wind shear (Fig. 20) with the occurrence of temper-
ature inversion. Strong stability, especially in the NO-TEB scenario, prevents the mixing of the

stable low layer with the warmer layer above. The higher value of TKE in the NO-TEB scenario
can be observed at the tops of the inversion layer.
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4.1.2 C2 - Spring case

Figure 21 shows the temporal changes of the vertical temperature structure near the surface for
the spring case. After the sunrise (07:00 UTC), the convective activity is suppressed due to the
existence of the inversion above. This happens in both scenarios but with a slightly stronger
inversion in the TEB scenario. However, the inversion is very weak for both scenarios at this
time of the day. So there is a shallow mixed layer with a depth of 100 m that starts to appear,
and there is still a remnant of a nocturnal inversion which is very weak. There is a sharp increase
in temperature, which leads to the dissipation of the inversion layer. It can be seen that at mid-
day, the inversion was eliminated, and a convective mixed layer was formed. After the sunset,
the surface radiation is reduced, temperature decreases sharply, surface cooling re-establishes,
and radiative inversion occurs. The inversion is deeper (~200 m) and has higher strength (3°C)
for the NO-TEB scenario than the TEB scenario, which is very weak. Inversion continues to
exist after midnight for the NO-TEB scenario, which has even higher strength than for the TEB
scenario, and the inversion continues to be very weak (1°C). Standard deviation is presented as
error bars in the plots. There is a weak variability in the lower and upper altitudes during the

day and night.

Figure 22 presents the cross-section of the temperature difference between the TEB and
NO-TEB scenario on April 24, 2010. It can be seen that the urban surface is warmer than the
no urban surface, and the temperature decreases with altitude. The atmosphere over the city
area is warmer than the NO-TEB scenario, and it is warmer up to higher altitudes of more than

1000 m.
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Fig. 23. Vertical profile of virtual potential temperature on April 24, 2010, for NO-TEB and TEB sce-
narios.

There is a significant difference in temperature between the TEB and NO-TEB scenarios at
night. The temperature is significantly higher (3°C) in the urban scenario, particularly in the
city centre. There is an inversion at night in both scenarios. However, it is more robust in the
NO-TEB scenario than in the TEB scenario.

Figure 23 shows a stable boundary layer just after the sunrise on April 24 for the NO-TEB
scenario. The warmer surface in the TEB scenario forms a shallow turbulent boundary layer at
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a height of almost 100 m. However, in the NO-TEB scenario, the atmosphere is still stable.
Later in the afternoon, when the residual air is entirely mixed into the growing boundary layer,
surface heating causes the air near the surface to have a higher virtual temperature than the air
just above it, so a temperature profile is superadiabatic. Potential temperature is uniform with
height in both scenarios afternoon which shows the well mixed convective boundary layer.
After sunset, the surface cools down, forming a stable boundary layer.

After sunrise, a vertical profile of specific humidity above the surface layer starts to form
and gets deeper after midday (Fig. 24), which shows a very well-mixed convective layer during
the day.

The cross-sections of the specific humidity show the differences in specific humidity be-
tween the NO-TEB and TEB scenarios at 14:00 and 22:00 in Fig. 25. The negative values of
the TEB and NO-TEB difference indicate that the urban boundary layer is less humid in the
NO-TEB scenario. The NO-TEB scenario remains more humid up to the top of the boundary
layer at 14:00. At night, the NO-TEB scenario is significantly more humid than the TEB sce-
nario near the surface and remains humid up to ~180 m. This difference is zero at higher alti-
tudes.

On April 24, there was a sharp and rapid increase in temperature after sunrise, which is the
source of turbulence. An increase in temperature before noon results in more thermals — current
of air rising from the hot ground — which push the boundary layer upwards to the height of
~2500 m (Fig. 26). The increase in the thermals is due to the positive buoyancy, which is also
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Fig. 26. Vertical profile of mean turbulent kinetic energy on April 24, 2010, for NO-TEB and TEB
scenarios. Error bars present the standard deviation.

a driving force for the turbulence in BL and creates thermal kinetic energy. This energy is then
transferred into different size eddies to the higher altitudes, responsible for the turbulent
transport within the convective mixed layer. After sunset, the temperature drops, and the ground
cools down; thus, the stability suppresses the TKE. The TKE dissipates rapidly near the surface
and decreases rapidly with height. Thus, nocturnal BL is formed.
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4.1.3 C3 - Late spring case

On June 6 (Fig. 27), after sunrise, the surface temperature began to rise due to the incoming
solar radiation. Therefore, heat turbulence abrades the inversion layer formed at night, and the
convective mixed layer is formed. During the day, both scenarios follow the same trend and the
temperature decreases with height. After the sunset and at night, surface radiation declines. The
temperature decreases slowly, so cooling and inversion are formed at ~100 m with high
strength but low depth for the NO-TEB scenario. The inversion strength for the TEB scenario
is lower due to the higher surface temperature. Error bars presented in the plots represent the
standard deviation, which shows a weak variability in higher altitudes and lower altitudes dur-
ing the day. There is a strong variability at night near the surface.

Figure 28 shows the cross-section of the temperature difference between the TEB and NO-
TEB scenario on June 6, 2010. As in C1 and C2 cases, the urban scenario is warmer than the
no urban scenario. It is warmer (1°C) over the city centre. Moreover, the temperature is higher
in the TEB scenario at higher altitudes. The impact of the warmer surface is deeper because of
the deep convective boundary layer. Therefore, an urban heat island is present within the urban
area.

At night, the urban heat island does not fade away. The urban surface is warmer by almost
4°C in the city centre. The temperature is higher near the surface over the city centre and in
higher altitudes up to the height of ~100 m (particularly over the city centre). Also, there is an
inversion in both scenarios, which is stronger above the NO-TEB scenario up to the height of
~200 m. Thus, a very strong nocturnal urban heat island mainly over the centre of the city with
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Fig. 29. Vertical profile of virtual potential temperature on June 6, 2010, for NO-TEB and TEB scenar-
i0s.

a more dense built-up area can be seen in the TEB scenario. For this reason, the inversion is
weaker at night in the TEB scenario than in the NO-TEB scenario.

The morning profile (Fig. 29) is formed with a shallow mixed layer surmounted by the rem-
nant nocturnal inversion. Continued turbulent heat convergence into the lowest atmosphere suc-
cessively erodes the inversion layer until mid-morning, when it is eliminated. After that, the
convectively-driven mixed layer can more readily extend up through the overlying air and cre-
ates an unstable layer which forms a uniform potential temperature with height (Fig. 29). After



42

A. SATTARI

the sunset, the surface radiation budget turns negative, and surface cooling re-establishes the
radiation inversion in a shallow layer at the surface. A stable nocturnal boundary layer near the
surface is formed, and the atmosphere stays neutral in the upper levels through the night.
Under the daytime condition, on a sunny and hot day on June 6, the atmospheric boundary
layer is very efficient in vertically mixing the air. Thus, the vertical profile of the specific hu-
midity is approximately constant with height (Fig. 30) in the well-mixed convective boundary
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Error bars present the standard deviation.

layer. Despite lower specific humidity for the TEB scenario near the surface, the vertical profile
for both scenarios is constant with height.

The positive values of specific humidity differences in the morning and at night in Fig. 31
show that the urban atmosphere is less humid in the morning and at night. Based on the TKE
profiles presented in Fig. 32, convective turbulence is generated after sunrise, under daytime
conditions, with high temperature and humidity. Thermals are rising due to convection and push
the convective BL upward to the height of ~2500 m for the TEB scenario. With the existence
of a convective boundary layer on a sunny day, buoyancy is high near the ground and can con-
tribute to the production of TKE over the ground. Later after sunset, since there is no sharp

decrease in the temperature, the strong wind starts. This causes higher values of TKE at higher
altitudes.

4.1.4 C4 — Summer case

Figure 33 illustrates the temperature profile in the boundary layer starting from early morning
on July 23, 2010. As a result of warmer surfaces in the morning, caused by the absorbed solar
radiation, a convective mixed layer is formed, so the temperature decreases with altitude. In the
summer, days are longer than night, as in C4. Thus, the surface before the sunset is warmer than
the surface after the sunrise, and no inversion occurs at night. There is a weak variability during
the day and night in the boundary layer.

The cross-section of the temperature difference between TEB and NO-TEB scenario at
15:00 and 22:00 UTC, on July 23, 2010 (Fig. 34), shows that at 15:00 UTC, the temperature
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Fig. 34. Cross-section of a temperature difference between TEB and NO-TEB scenario on July 23, 2010.

over the urban surface is higher by almost 2°C than that over the no urban surface, mainly in
the city centre and the analysis domain with the densely built-up area. In the TEB scenario, it
stays warmer up to a height of 250 m in the boundary layer.

At night, after sunset, it can be seen that the urban heat island does not disappear. Even
though the near-surface temperature difference is small, the TEB scenario is much warmer (al-
most 1.5°C) in higher altitudes than the NO-TEB scenario, mainly over the city centre and the
area with mid-high buildings stays warmer up to a height of ~250 m.
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Fig. 35. Vertical profile of virtual potential temperature on July 23, 2010, for NO-TEB and TEB scenar-
i0S.

The virtual potential temperature profile shown in Fig. 35 was used to study the static sta-
bility of the BL. In the morning, the surface layer is unstable for both scenarios. This means
that convective circulations, such as thermals, push the BL upwards and allow buoyant air to
rise to the top of the unstable layer where the atmosphere is stable.

The instability continues to exist. In the afternoon, the stable surface layer is formed in the
TEB scenario, but higher altitudes remain convective and unstable. On the other hand, the NO-
TEB scenario remains unstable in the surface layer and higher altitudes. After the sunset, the
boundary layer is stable.

Figure 37 shows the humidity inversion in the TEB scenario in the morning and the evening.
Specific humidity is constant with height in midday, which indicates a well-mixed convective
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boundary layer, unlike the surface-based humidity inversion, which is more common in winter
(Wypych and Bochenek 2018). According to Palarz and Celinski-Mystaw (2020), elevated hu-
midity inversion occurs in summer, which tends to begin at higher levels. Elevated humidity
inversion can be observed in the morning and night (Fig. 36). Wypych and Bochenek (2018)
discussed the correlation of the elevated humidity version in summer with a strong advection
of warm and moist air masses. Thereby, the near-surface warm and humid air is mixed with the
cold air above, a sudden temperature drop saturates the air, and the condensation occurs. As
a result, the humidity inversion is deeper — it reaches an altitude of 800 m in the TEB scenario
because of a warmer surface than in the NO-TEB scenario.
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The variability of specific humidity in the boundary layer was presented with a standard
deviation of values and shown as error bars in the vertical profiles (Fig. 37).

Profiles of turbulent kinetic energy on July 23 (Fig. 38) show the generation of convective
turbulence after sunrise due to high temperature and humidity, which pushes BL upward and
forms a deep turbulent layer till sunset. Thermal effects become increasingly dominant at higher
altitudes. TKE for the TEB scenario is higher due to thermal factors of turbulence. The temper-
ature in the TEB scenario is higher than in the NO-TEB scenario. After sunset, the surface is
still warmer in the TEB scenario, which leads to a very shallow turbulent surface layer in the
TEB scenario, but in the NO-TEB scenario, the TKE is suppressed, and a stable nocturnal
boundary layer is formed.

4.2 Sensitivity analysis

Rapid changes of land-use/land-cover result from human activities having a profound impact
on nature followed by significant consequences (Rimal et al. 2018), especially on climate (Li
et al. 2018). Thus, studying the impacts of anthropogenic changes in land-use/land-cover be-
come an important issue to be explored. According to the latest CORINE Land Cover dataset
for Poland in 2018, there was a 0.1% decrease in the forest areas and a 0.1% increase in urban
land cover compared to 2012. This section will present the sensitivity of meteorological param-
eters to the changes of urban surface and the magnitude of the anthropogenic heat flux. The
variability of each parameter is shown with standard deviation as error bars on the temporal
profiles.

4.2.1 Air temperature

Diurnal temperature changes for the urban area are very different from the rural area. Warming
and cooling rates are generally smaller in urban regions. To detect the influence of urbanisation
and built-up area, and determine the urban heat island (UHI) intensity, the temperature differ-
ence between the TEB scenario (TEB-CLC) and natural land cover scenario (TEB-VEG), as
well as the difference between the city covered with mid-high buildings scenario (TEB-HB)
and natural land cover scenario (TEB-VEG) was calculated. Maximum values of the tempera-
ture difference between each scenario are presented in Table 9. Considering two built-up area
scenarios, TEB-CLC and TEB-HB, they have different features since the percentage of higher
buildings is different in these scenarios. Therefore, the UHI intensities are studied separately.

Table 9

Maximum temperature difference
between TEB-CLC and TEB-VEG and TEB-HB and TEB-VEG

TEB-CLC - TEB-VEG | TEB-HB — TEB-VEG
Day Night Day Night
C1 — Winter 0.83 1.27 3.09 4.97
C2 — Spring 0.91 1.49 1.41 2.09
C3 — Late spring 1.12 1.77 2.49 3.48
C4 — Summer 0.89 0.75 1.53 1.50

Only 0.12% of the land cover of the whole study domain in the TEB-CLC scenario — which
resembles the city of Warsaw’s land cover — is covered with high and mid-high buildings. The
buildings are primarily located in the city centre. The rest of the city is mainly covered with
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low sparse buildings. ATmax IS the highest in the late spring, and it is even higher at night for the
TEB-CLC scenario. In C2 and C3 cases, Warsaw was under stable weather conditions. This
means that Warsaw was under the influence of the same air mass for over 24 hours.

Therefore, the positive values of ATmax at night are due mainly to urbanisation that causes
a nocturnal UHI. The results show an almost similar course of UHI intensity for C2 and C3.
There is a fast growth of the thermal contrast, which starts in the late afternoon and continues
approximately until midnight. The UHI remains constant throughout the rest of the night in C2.

The UHI’s decay starts just after sunrise and is very rapid in the early morning. Due to faster
changes of ATmax after sunrise than before sunset, the nocturnal UHI intensity is asymmetric
(Fortuniak et al. 2006).

In the TEB-HB scenario, ~11% of the whole study domain is covered with high and mid-
high buildings, which made ATmax Stronger. There is a nocturnal UHI in C2 and C3. However,
C3 with the higher temperature throughout the day shows stronger nocturnal UHI intensity than
C2. Furthermore, as shown in Fig. 43, specific humidity in the city, especially over the surface
covered mostly with high and mid-high buildings (TEB-HB), is lower than the natural land
cover scenario (TEB-VEG) by almost 19% for C3, which yields the highest UHI intensity. It
can be concluded that the UHI intensity caused by urbanisation is the greatest in the dry season.

There was considerable nocturnal UHI intensity on January 29 (Fig. 39). On January 29, the
centre of Poland was under the influence of a polar air mass. High values of ATmax can amplify
the UHI intensity after the advection of cold polar air due to the high thermal inertia of the town
and the significant anthropogenic heat flux (Fortuniak et al. 2006). Increasing the density of the
high and mid-high buildings (TEB-HB) injects more anthropogenic heat flux from the heating
households and yields significantly higher nocturnal UHI intensity (4.97°C).

Low-intensity UHI takes place on July 23 (Fig. 39). ATmax is higher in the daytime in the
late afternoon, and it stays constant till sunrise in the TEB-CLC scenario. In addition, there are
high negative values of ATmax during the day before noon. The significant thermal differences
in the daytime and strong negative differences at midday are usually formed due to passing
fronts (Fortuniak et al. 2006). The centre of Poland on July 23 was under the influence of at-
mospheric fronts and was extremely humid due to the exposure to the humid tropical air mass.
Adding more high and mid-high buildings to the urban area (TEB-HB) strengthens the UHI
intensity with the maximum ATmax right after sunset. Based on Fig. 43, the city surface with
a higher number of high buildings results in a significant reduction in humidity. Also, July 23
was extremely hot. Therefore, despite the low dependency of UHI intensity on urbanisation due
to the atmospheric fronts, adding more built-ups to the city environment exacerbates UHI in-
tensity, especially in the summer.

4.2.1.1 Surface temperature

There is a single temperature at the interface of every surface with a unique surface energy
balance and the air, which is surface temperature. This temperature is a boundary in the tem-
perature gradients that generate an upward sensible heat flux and similarly downward sensible
heat flux (Oke et al. 2017). The temporal variability of surface temperature in the cities is much
higher than the air temperature. There are large intra-urban differences in surface temperature
(Oke et al. 2017). Figure 40 presents diurnal surface temperature changes for three scenarios in
C1, C2, C3, and C4 cases.

As shown in Table 10, the highest surface temperature values are for the TEB-HB scenario
and the lowest for the TEB-VEG. For instance, the spatial distribution of surface temperature
for the spring case (C2) is shown in Fig. 41. Natural land cover has a significant impact on
surface temperature. Replacing the urban surface with the green surface decreased the surface
temperature by 1.1°C compared to the TEB-CLC and 1.74°C compared to TEB-HB in C2.
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Fig. 40. Hourly average course of surface temperature for three sensitivity scenarios (TEB-CLC, TEB-
HB, TEB-VEG) for four selected days in Warsaw, 2010.

Table 10

Maximum surface and soil temperature [°C] for TEB-CLC, TEB-HB,
and TEB-VEG scenarios for four selected cases

TEB-CLC TEB-HB TEB-VEG
C1 -1.49 -1.19 -1.69
C2 18.22 18.74 17.64
C3 29.23 29.81 28.23
C4 35.46 35.99 34.49

Figure 41 shows that surface temperature in the centre of the domain of the TEB-VEG
model is much less than the TEB model with the urban land cover. The surface temperature
decrease in the natural land cover scenario (TEB-VEG) is even higher for the late spring (C3)
and summer (C4) cases. Figure 43 illustrates the surface temperature distribution over the do-
main for two TEB-HB and TEB-VEG scenarios in C3 and C4 cases. Substitution of land cover
with natural cover reduces the temperature by 2.5°C in C3 and 2.3°C in C4 compared to the

surface covered with mid-high buildings.

The lower surface temperature in the centre of the city for the TEB-VEG for both C3 and
C4 cases is shown in Fig. 42. Almost 11% of the domain is covered with the mid-high buildings
in the TEB-HB scenario and is in the centre of the domain and was replaced by the natural cover

in the TEB-VEG scenario.
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April 24, 2020, 14:00 UTC - TEB-CLC

Fig. 41. Spatial distribution of surface and soil temperature for TEB-CLC, TEB-HB, and TEB-VEG on
April 24, 2010, at 14:00 UTC. The contour lines in the plots present the administrative borders of War-

saw city.
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Dry surfaces with less evaporating water have a higher surface temperature. On the other
hand, surfaces with higher water content like soils, lawns, and tree leaves have lower surface
temperature during the day due to evaporative cooling and lower diurnal temperature range
(Oke 1988). In addition, surfaces with lower albedo have a higher surface temperature. For
instance, in C3, the albedo is lower in TEB-HB by 32% compared to TEB-VEG, which results
in higher surface temperature in the scenarios with the urban surface. In the urban areas, during
the daytime, the surface temperature of all surfaces is higher than the air temperature. However,
the surface temperature is close to the air temperature for the vegetation. On the other hand, at
night, the surface temperature of the roofs in the urban area is lower than the air temperature,
but still the same for the natural covers (Oke et al. 2017).

4.2.2 Specific humidity

As a general rule, the water content of the urban atmosphere is low, especially in the daytime,
due to lower evaporation rates compared to rural areas due to a mainly smaller fraction of veg-
etative cover in urban areas (Oke 1988). Thus, this can be observed for all selected cases, as
shown in Fig. 43. At night in winter, we can see an urban moisture excess (Fig. 43). The positive
values of the differences in the vertical profile of specific humidity in the morning and at night
show that the urban boundary layer is more humid than the NO-TEB scenario. The reason can
be the significant input of moisture from combustion sources.
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HB, TEB-VEG) for four selected days in Warsaw, 2010.
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84% of coal consumption is by the residential sector in Poland (Stala-Szlugaj 2016), and
household heating is mainly from coal. Also, 80% of heating systems in Poland are inefficient
(Stala-Szlugaj 2016). Water vapour is a large component of the flue gases released from coal-
fired power and heat-cogeneration plants. The results show that the city is drier by day and
moister at night in C1 (Table 11). The decrease in the specific humidity at night can be due to
dew’s formation, which depletes the moisture in the lowest layers, and specific humidity would
decrease. Also, dewfall can contribute to moisture excess in the urban atmosphere because it
removes less moisture from the lower urban atmosphere.

Table 11

Maximum specific humidity [g/kg] in winter case, January 29,
for TEB-CLC, TEB-HB, and TEB-VEG scenarios

Specific humidity at night | Specific humidity by day
[9/kg] [9/kd]
TEB-CLC 1.88 2.93
TEB-HB 2.03 2.74
TEB-VEG 1.73 3.15

In the morning hours, the evapotranspiration of plant water into a moderately unstable at-
mosphere adds moisture to the lower layers, and the humidity increases quite sharply above the
surface (Oke 2002). Unlike the fact that the humidity should increase at night, the specific hu-
midity for the C1 case is decreasing in the late afternoon (Fig. 43). In this case, the downward
transport of water vapour as dewfall can also be the reason, which means the water is removed
from the lowest part of the atmosphere and causes a drop in the surface layer humidity.

For the late spring case, June 6, the specific humidity is high after sunrise, but the humidity
drops during the day as the temperature rises and reaches the minimum value in the early after-
noon. It results from convective activity penetrating to such heights in the boundary layer that
the water vapour concentration becomes diluted by mixing with descending masses of drier air
from above (Oke 2002). After sunset, surface cooling happens, and a stable boundary layer
develops. As a result, the water vapour transport to the higher layers is suppressed. Therefore,
moisture converges into the lowest layers, and the maximum humidity is observed. The mini-
mum difference of specific humidity between TEB-HB and TEB-VEG scenarios, equal to
—0.05, occurs at night, and the maximum difference, equal to —1.62, takes place by the day. The
urban evaporation rate is weaker, and the convective mixing is higher during the daytime in the
city. Thus, the specific humidity in a city is much lower than non-urban areas.

In the summer case, July 23, the maximum difference in the specific humidity between TEB-
HB and TEB-VEG scenarios is —1.61 g/kg, higher at night than in the daytime, when it is
—1.05 g/kg. This means the specific humidity for the urban surface covered with high buildings
is by 12% lower than for the natural land cover.

The temporal variability of specific humidity (Fig. 43) is different for each scenario. Fig-
ure 44 shows the spatial distribution of specific humidity and wind for January 20 at
18:00 UTC. It can be seen that around 18:00 UTC there is an advection of dryer air to the do-
main, which causes the drop in the humidity.

Having the spatial distribution of specific humidity and wind for April 24 at
18:00 UTC(Fig. 45), it can be seen that around 18:00 UTC, there is a pronounced difference in
humidity between two air masses which could explain the change from 17:00 UTC to
20:00 UTC (with the wind being aligned across).

There were no remarkable changes of specific humidity on July 23.
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Fig. 44. Spatial distribution of specific humidity (left panel), wind speed and direction (right
panel) on January 29, 2010, at 18:00 UTC. The contour lines in the plots present the adminis-
trative borders of Warsaw city.
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Fig. 45. Spatial distribution of specific humidity (left panel), wind speed and direction (right panel) on
April 24, 2010, at 18:00 UTC. The contour lines in the plots present the administrative borders of War-
saw city.

4.2.3 Precipitation rate

While the impacts of urbanisation on temperature are well studied and understood, the effect of
land cover on precipitation is still evolving. The precipitation changes are dynamic and depend
on several factors, including wind and heating at the surface and in the boundary layer due to
surface characteristics and aerosols above the urban surface (Liu and Niyogi 2019). Typically,
to analyse urbanisation impacts on precipitation in a modelling study, the urban region is re-
placed by the non-urban land cover (Liu and Niyogi 2019). For instance, Shem and Shepherd
(2009) examined physical processes linked to the Atlanta urban rainfall effect using the WRF
model to simulate convective precipitation within URBAN and NOURBAN simulations for
two summer cases. They show that the URBAN model captures the convective evolution for
the cases. At the same time, the NOURBAN simulation indicates that removing the city causes
distinct differences in the temporal and spatial evolution of precipitation. Niyogi et al. (2011)
performed two simulations with and without the urban land cover in Indianapolis, Indiana
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(USA), for examining thunderstorms. Their results show that removing the urban region caused
differences in the regional convergence and convection and simulated base reflectivity, surface
energy balance, and boundary layer structure.

One of the major research studies focusing on the impact of urbanisation on the temporal

and spatial distribution of precipitation was performed during the Metropolitan Meteorological
Experiment (METROMEX) in St. Louis (USA). This study proved that urban effects are more
pronounced in warm-season months when mesoscale convective forcing is likely to be more
dominant than synoptic forcing (Auer 1981).
Precipitation patterns around cities suggest enhancing precipitation downwind of the urban ar-
eas, particularly in the summer season with convective rainfall (Oke et al. 2017). Figure 46
presents the hourly average precipitation rate for three scenarios for four selected dates with
different meteorological behaviour.

Model-derived temperature and UHI effect was shown in Fig. 39 for the 24-hour simulation.
C3 shows a strong nocturnal UHI. Comparing sensible heat flux in the three scenarios, we can
observe the highest sensible heat flux at night in the urban area with high buildings, as compared
to the natural land cover on June 6 (Fig. 47). According to the literature (Oke et al. 2017),
heating from an urban area can be sufficient to create an area of upward motion downwind of
the city. The urban heating causes perturbations in the wind field, which leads to the horizontal
convergence around the zone of upward motion downwind of the city.

The strength of the upward motion increases with the increase in the UHI intensity. The
intensity of the urban heat island is the simplest and most quantitative indicator of the cities’
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Fig. 46. Hourly average evolution of precipitation rate for three sensitivity scenarios (TEB-CLC, TEB-
HB, TEB-VEG) for four selected dates in Warsaw, 2010.
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Fig. 47. Hourly average evolution of surface sensible heat flux for three sensitivity scenarios (TEB-
CLC, TEB-HB, TEB-VEG) for four selected dates inWarsaw, 2010.
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Fig. 48. Wind field over a surface and precipitation rate for the vegetated (TEB-VEG) land cover (left
panel), and the urban area with high buildings (TEB-HB) (right panel) on June 7, 2010, at 03:00 UTC.
The contour lines in the plots present the administrative borders of Warsaw city.

relative warming in respect to the surrounding rural environment at night time (Kim and Baik
2002) and a decrease in the synoptic-scale wind speed. For studying the impact of land use/land
cover and urban heat island on the precipitation in the city, two extreme scenarios (TEB-HB
and TEB-VEG) were taken into account. For this purpose, June 6 was studied, because of show-
ing a strong nocturnal urban heat island. Based on Fig. 48, the urban heat island circulation
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involves low-level convergence and upward motion, which are forcings to produce urban-in-
duced precipitation in the late spring case. Having higher buildings cover, the urban area in-
creases the UHI intensity (Fig. 39) and the upward motion, which results in a convective
precipitation rate in the TEB-HB scenario.

Even though April 24 was a calm day and it was no precipitation day, it can be seen in
Fig. 46 that covering the city with more mid-high buildings (TEB-HB) causes a small amount
of precipitation in the city in the morning and in the afternoon, while in the no urban scenario
(TEB-VEG), there is no precipitation. The precipitation in the urban area (TEB-HB) can be due
to the higher temperature in the urban area with the mid-high buildings and higher sensible heat
flux, which causes upward motion and urban-induced precipitation (Fig. 49).
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Fig. 49. Spatial distribution of precipitation rate for TEB-VEG scenario (left panel), and TEBHB sce-
nario (right panel) on April 24, 2010, at 15:00 UTC. The contour lines in the plots present the adminis-
trative borders of Warsaw city.

4.2.4 Turbulent Kinetic energy

The dominant environmental factors that control the urban turbulence are the high roughness
(buildings, trees, and other large structures) of the urban surface and the urban heat islands
(Roth 2000).

Figure 50 presents the turbulent kinetic energy (TKE) over the three land covers for all four
cases. TKE is a measure of turbulent intensity which can be also influenced by the heterogene-
ity-induced atmospheric motions.

One of the typical features of the urban surface is being warmer than the surrounding areas
due to the increased heat storage and reduced evaporation from the artificial urban surfaces
(Emeis et al. 2007).

The main reason for the higher turbulent kinetic energy in Fig. 50 is the higher temperature
above the urban surface (shown in Fig. 39) compared to the natural surface (TEB-VEG). Ther-
mal turbulence is caused mainly by surface heating. When the surface heats air parcels, they
impose buoyancy force which accelerates the thermals. Thermals create friction and mixing
between themselves and the surroundings and produce TKE. The TKE from thermal turbulence
is greatest when the buoyancy is strong (Oke et al. 2017).

Because convection and buoyancy produce turbulence, the atmosphere is dynamically un-
stable in C2, C3, and C4. The TKE above the surface for C2, C3, and C4 is high during the day
for the TEB-HB scenario and is the smallest for the TEB-VEG scenario. Figure 51 shows the
generation of convective turbulence during the daytime due to high temperature and humidity,
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Fig. 50. Hourly average course of turbulent kinetic energy for three sensitivity scenarios (TEB-CLC,
TEB-HB, TEB-VEG) for four selected days in Warsaw, 2010.

which pushes the boundary layer upward and forms a deep turbulent layer till sunset in C2, C3,
and C4 cases, which is significantly higher and the mixed layer is deeper considerably in the
urban scenario and especially in the TEB-HB scenario than in the TEB-VEG scenario. Indeed,
thermal effects become increasingly dominant at higher altitudes.

On April 24 and July 23, with the reduction of temperature at night, the atmosphere becomes
very stable at night above the surface. Therefore, TKE also decreases and reaches zero at height
of almost 400 m (Fig. 50). If the surface is cooler than the atmosphere above, the coldest air
stays closer to the surface, and TKE will be dissipated. The small values of TKE for TEB-HB
in these cases are due to the warmer surface’s thermal effect at night in the urban scenario and,
especially, in the summer case, after sunset at 22:00 UTC, the surface is still warm and produces
small values of TKE near the surface.

In the C1 case, there is a shallow boundary layer near the surface during the day, and TKE
is high (almost 1 m?/s? difference between TEB-HB and TEB-VEG scenario) near the surface
for urban scenarios, TEB-HB with more mid-high buildings. However, TKE decreases with
height and reaches zero eventually at a height of ~1000 m. TKE in the lower altitudes is due to
the thermal effects of the surface. At night, TKE is higher in TEB-HB scenario than in the TEB-
VEG scenario near the surface because of the thermal effects of the warmer surface. However,
in the higher altitudes, TKE is lower for TEB-HB, which can be related to the lower atmosphere
stability in TEB-HB and weaker inversion. As a result, the higher TKE in the higher altitudes
can be due to the wind shear with the existence of inversion.
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Fig. 51. Vertical profile of turbulent kinetic energy for three sensitivity scenarios (TEB-CLC, TEB-HB,
TEB-VEG) for four selected cases and within the calculated averaged grid in 2010 at 14:00 UTC (left
panel) and 22:00 UTC (right panel).
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In general, changes in the urban surface from sporadic buildings to mid-high buildings in-
crease the TKE considerably, according to Fig. 50, because of an increase in the surface rough-
ness, which was explained in Section 4.1.1.

4.3 Statistical evaluation — forecast performance

Statistical evaluation allows for quantitative analysis of the model’s performance over the city
of Warsaw. Even though the short length of the simulations does not allow for significant error
measure analysis, the intention is to compare results from two scenarios in terms of the forecast
skill score.

The observational data used in this validation is the temperature from selected stations in
Warsaw. Three statistical measures were calculated: the mean bias error (MBE), the absolute
gross error (MAGE), Pearson correlation coefficient between the NO-TEB (non-urban model)
and observed data, and the TEB (urban model) and the observed data, separately (Table 12).

Table 12
Statistical error measure over selected stations in Warsaw
MBE MAGE Correlation

Date Stations NO-TEB| TEB |NO-TEB| TEB |NO-TEB| TEB
January 29, 2010 |Radzyminska -1.18 -0.05 1.86 1.24 -0.17 0.10
Jerozolimskie -1.55 0.11 2.53 1.35 -0.01 0.16
Bielany -3.19 -1.52 3.35 2.01 -0.17 -0.01

Putawska -1.58 -0.49 2.13 1.63 -0.11 0.05

Krakowska -3.54 -1.88 3.65 2.17 -0.08 n/a
Jelonki -275 | -0.83 2.92 1.40 -0.20 -0.10

April 24,2010  |Radzyminska -0.44 0.26 0.89 0.45 0.98 0.99
Jerozolimskie -1.17 -0.27 1.45 0.60 0.98 0.99

Putawska 2.13 3.07 2.16 3.07 0.88 0.90

Krakowska 0.075 0.013 1.60 1.89 0.95 0.93

June 6, 2010 Radzyminska 1.49 2.44 1.77 2.44 0.87 0.90
Jerozolimskie 2.13 3.07 2.16 3.07 0.88 0.90

Bielany -0.29 0.65 1.31 1.39 0.94 0.95

Putawska 2.40 2.36 2.45 2.36 0.81 0.90

Krakowska 1.54 2.02 1.54 2.02 0.97 0.95

July 23, 2010 Radzyminska -1.20 | -1.26 1.70 2.023 0.94 0.93
Jerozolimskie 0.075 0.013 1.60 1.89 0.95 0.93

Bielany -0.95 -0.83 1.24 1.51 0.91 0.86
Putawska 0.15 -0.28 1.24 1.43 0.958 0.955

Krakowska -1.005 | -1.32 1.57 1.95 0.91 0.91

Jelonki -1.02 -1.04 1.61 1.26 0.80 0.81

Note: n/a means no correlation.
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Fig. 52. Comparison of modelled temperature with observations for Putawska, Radzyminska, Jerozo-
limskie, Bielany, Jelonki, and Krakowska stations for January 29, 2010.

Error measures were calculated for each station and four cases. Data for April 24 from Bielany
and Jelonki stations were not available.

24 observational data points (hourly average) and the corresponding model output were
used. The output frequency from the model was 10 minutes, and hourly average data were cal-
culated.

Near-surface temperature changes in the urban scenario (TEB) resulted in better model per-
formance in C1 (January 29) (Fig. 52). The MBE was reduced by a factor of 3, and MAGE is
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Fig. 53. Comparison of modelled temperature with observations for Putawska, Radzyminska, Jerozo-
limskie, and Krakowska stations for April 24, 2010.

smaller than in the non-urban scenario (NO-TEB) by half. The MBE value indicates that the
model underestimates temperature for the winter case (January 29). Also, it can be seen in
Fig. 56 that the model underestimates the near-surface temperature in the winter case. Results
from Radzyminska and Jerozolimskie stations show a very good performance of the TEB model
during the day in C1, but the model underestimated the temperature at night based on the
measures from all the stations. Thereby, despite the reduction in MBE and MAGE in the urban
(TEB) scenario, the correlation coefficient was not improved. There is a weak correlation and
relatively high standard deviation for the NO-TEB scenario in the winter case. Cloud cover in
the model is significantly lower than the real situation for C1, which causes the high surface
cooling in the model and as a result underestimation of the temperature at night.

Error measures for temperature on April 24 (case C2) show that the modelled near-surface
temperature is very close to the observation for the urban (TEB) scenario. MBE values for the
spring case show a relative underestimation of the model in the non-urban (NO-TEB) scenario.
MBE and MAGE were reduced by half in the TEB scenario, and the correlation was improved
considerably. There is a strong correlation and lower standard deviation for the urban scenario
than the non-urban scenario (Fig. 53). As shown in Fig. 57, the model underestimates the tem-
perature in the spring case for the NO-TEB scenario.

The introduction of the TEB parameterisation did not result in an improvement in MAGE
and MBE for C3 (June 6) except for the Putawska station (Fig. 54). Positive MBE values for
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Fig. 54. Comparison of modelled temperature with observations for Putawska, Radzyminska, Jerozo-
limskie, Bielany, Jelonki, and Krakowska stations for June 6, 2010.

the June 6 case indicate that both scenarios tend to overestimate the near-surface temperature,
especially during the night, aside from Bielany station, which underestimates the temperature
for the NO-TEB scenario (Fig. 54). The correlation is slightly improved in the urban scenario
for the observational data obtained from Pulawska and Radzyminska stations (Fig. 54). How-
ever, high values of MBE and MAGE in Fig. 58 show that C3 did not have a good performance
at night when observations showed a sudden surface cooling at night.
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Fig. 55. Comparison of modelled temperature with observations for Putawska, Radzyminska, Jerozo-
limskie, Bielany, Jelonki, and Krakowska stations for July 23, 2010.

In the summer case (C4, July 23), MBE values from other stations indicate that the two
scenarios underestimate the temperature. However, both scenarios overestimate the temperature
at night (Fig. 59). Adding the TEB parameterisation did not improve the MAGE and the MAGE
values for the TEB scenario. This shows that the model performance was not improved by TEB
parameterisation (Fig. 55). Also, it indicates that urban parameterisation will not improve the
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Fig. 56. Near-surface temperature measured at Putawska, Radzyminska, Jerozolimskie, Bie-
lany, Jelonki, and Krakowska stations and calculated by the GEM model for January 29, 2010.
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Fig. 57. Near-surface temperature measured at Putawska, Radzyminska, Jerozolimskie, and Krakowska
stations and calculated by the GEM model for April 24, 2010 (case C2).

modelling results for days characterised by dynamic changes in meteorological situations. Nev-
ertheless, the modelled data for both scenarios correlate well with the summer case observa-
tions.

4.3.1 Sounding profiles from Legionowo station

Legionowo station is out of the domain which was taken for the analysis, and it is in a rural
neighbourhood. For the purpose of this comparison, the vertical profiles from the model ob-
tained from the cell representing the Legionowo station coordinates were used.

Figures 60 and 61 present the comparison of the sounding profiles from Legionowo station
with the vertical profiles obtained from the NO-TEB and TEB models.

The comparison of the vertical profiles of temperature with the soundings showed that TEB
improved model performance in reproducing temperature during the day time. This improve-
ment is prominent for C2. In C1, there is a lack of data between the altitude of 96 to ~500 m;
having the current data, the TEB scenario has improved the model performance for the winter
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Fig. 58. Near-surface temperature measured at Putawska, Radzyminska, Jerozolimskie, Bie-
lany, and Krakowska stations and calculated by the GEM model for June 6, 2010 (case C3).
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case significantly compared to the NO-TEB scenario. In C3, the TEB model overestimates the
temperature slightly. For the C4, both TEB and NO-TEB scenarios underestimate the tempera-
ture up to the top of the boundary layer.

A comparison of the sounding profiles with the vertical profiles taken from the model for
the night-time shows that there is no considerable difference between two scenarios in higher
alitudes. C1 and C2 improved the model performance, specifically near surface. For C1, there
is a data gap up to a height of ~530 m. As a result, the existence of near surface inversion cannot
be confirmed. C3 overestimates the temperature, specially for the upper altitudes. In C4, both
models performed well near the surface. At the higher altitudes, soundings show upper air in-
version, which is stronger and deeper than the model profiles.

5. CONCLUSIONS AND FUTURE WORK
5.1 Conclusions

The sensitivity study with the GEM model in a high-resolution configuration was undertaken
to assess the impact of urban land cover on the boundary layer over Warsaw in Poland and on
a short-term meteorological forecast considering two scenarios with and without town energy
balance (TEB) parameterisation.

The TEB parameterisation represents urban effects on modelled meteorological parameters
at the final nesting level with a horizontal resolution of 1 km over Warsaw. In this thesis, the
TEB parameterisation considers the following urban cover categories: mid-high buildings,
sparse buildings, industrial areas, and roads.

For sensitivity analysis, four one-day cases with different temperature variabilities, as well
as different weather patterns representing winter case (C1), spring case (C2), late spring case
(C3), and summer case (C4), were selected.

Studying the urban boundary layer development based on two scenarios yielded the follow-
ing results:

e Temperature profiles for four cases show that the nocturnal inversion was weaker over
urban land cover (with the TEB scenario). In the winter case (C1), there was a strong
and deep inversion in the morning and night for the NO-TEB scenario. On the other
hand, there was no inversion in the morning in the TEB scenario. The depth and
strength of inversion after midnight were small. Weak inversion in the TEB scenario
was due to the heat release from the building materials at night and from anthropo-
genic sources. The higher temperature in urban areas created a nocturnal mixed layer.
As stated by Oke et al. (2017), the most densely built-up districts of cities release AQS
from the building materials and QF from vehicles and buildings. This is sufficient to
support an upward QH and a weakly convective lower layer, and a weak nocturnal
version of the daytime mixed layer is formed. The temperature within the canyon is
higher and warmer than a cool layer at the roof level, so the inversion at night is
weaker above the built-up area;

e The temperature cross-section for the winter case showed that the impact of the
warmer surface is to a height of 100 m due to lower mixing in winter. There was
a higher temperature in the TEB scenario during the day and night. The influence of
the warmer surface in the spring case is to the higher altitudes (~ 1000 m). The tem-
perature was significantly higher in the TEB scenario than in the NO-TEB scenario in
the whole domain at night, which shows a strong nocturnal UHI. The temperature
cross-section on June 6 showed a deep convective boundary layer, UHI in the urban
scenario, as well as strong nocturnal UHI in the TEB scenario. In the summer case,
the UHTI’s temperature was higher at higher altitudes, and the UHI did not disappear
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at night in the TEB scenario, mainly over the city centre with a higher density of mid-
high buildings;

Virtual potential temperature profiles indicated strong stability of the boundary layer
in the winter case, in the morning and at night, for the NO-TEB scenario, while the
boundary layer after the sunrise for the TEB scenario was unstable;

The winter case showed the simultaneous occurrence of low-level humidity inversion
and temperature inversion at night. There was also humidity inversion in the summer
case. A summer case was very humid and hot, which caused a deep humidity inver-
sion for the TEB scenario. In the spring and late spring scenarios, the differences of
the vertical profiles of specific humidity between NO-TEB and TEB scenarios yielded
positive values, which means that the boundary layer for the TEB scenario is less
humid than the NO-TEB scenario;

The warmer surface and higher surface roughness in the TEB scenario caused a higher
TKE in the winter case. In the spring, late spring, and summer cases, the TKE was
generated by buoyant production. During the daytime, the buoyant production was
the source of TKE in all three cases. The TEB scenario yielded higher TKE during
the day due to higher air and surface temperature, which produced a convective
boundary layer.

The second part of the analysis was performed to study the sensitivity of different meteoro-
logical parameters to the changes in urban surface properties by comparing the following sce-

narios:

1. City scenario using the TEB classification (TEB-CLC);
2. High-building-only scenario, in which the city is covered with high impervious buildings
(TEB-HB);
3. Vegetation-only for which the city is replaced by the surrounding natural covers (TEB-
VEG).
The results were as follows:

The urban heat island (UHI) was studied for the three scenarios in four selected cases.
There was a strong nocturnal urban heat island in the spring and late spring cases. The
city covered with mid-high buildings yielded the highest ATmax. The specific humidity
in these cases is also smaller in the TEB-HB and TEB-CLC scenarios than in the TEB-
VEG scenario. Therefore, it can be concluded that the greatest UHI occurred for dry
cases. The intense nocturnal UHI in the winter case results from a cold air advection,
so the UHI could be amplified due to the high thermal inertia of the town and anthro-
pogenic heat flux, which was much stronger for the TEB-HB with higher buildings.
Passing fronts impacted the UHI in the summer case with large thermal differences in
the daytime and negative difference at midday. The TEB-HB showed the highest UHI
in the summer case as well;

Results of the surface temperature in the three scenarios showed that the surface tem-
perature in the TEB-HB scenario was the highest and for the TEB-VEG scenario was
the lowest in all four cases. Dry surfaces and surfaces with the lower albedo, mostly
in urban areas, have a higher surface temperature than natural land covers with higher
evaporation and its cooling effect;

The specific humidity in the warmer seasons (C2, C3, and C4) was higher in the TEB-
VEG scenario than in the TEB-HB and TEB-CLC scenarios due to the weaker evap-
oration rate and higher convective mixing during the daytime in the city area. The
maximum difference of specific humidity occurs during the day. There was an excess
of moisture in the city at night in the winter case.
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e Regardless of the clear sky in the spring and late spring cases and no precipitation in
TEB-CLC and TEB-VEG scenarios, in the city, there was a small amount of rainfall
in the TEB-HB scenario. Higher UHI intensity and lower albedo in the TEB-HB sce-
nario compared to the TEB-VEG scenario formed an upward motion downwind of
the city. Urban heating causes perturbations in the wind field, which leads to the hor-
izontal convergence around the zone of upward motion downwind of the city and
eventually produces urban-induced precipitation. The precipitation rate in the winter
case was higher for the TEB-VEG scenario than for the TEB-HB and TEB-CLC
scenarios;

e Mechanical and thermal turbulence produced by buildings on the city surface imposes
higher turbulence in the urban boundary layer than the natural land cover. In the
spring, late spring, and summer cases, the atmosphere is dynamically unstable be-
cause of convection and buoyancy that produce turbulence, so city scenarios yielded
higher TKE than the natural cover. TEB-HB has a considerably higher TKE in all the
cases.

The sensitivity analyses were completed with evaluation against meteorological data from
six urban monitoring stations (Radzyminska, Jerozolimskie, Bielany, Putawska, Krakowska,
and Jelonki) in Warsaw. The comparison of observed and modelled temperature shows that the
temperature predicted with the TEB parameterisation was more accurate in terms of statistical
error measures on January 29 and April 24 for all the stations. On January 29, the model under-
estimated the temperature for both scenarios. The underestimation in temperature at night in
this case was due to the significantly lower cloud cover in the model than in the real situation.
On April 24, adding the TEB parameterisation to the model improved the model performance,
and there was a strong correlation. However, the NO-TEB scenario underestimated the temper-
ature. On June 6, the TEB scenario had slightly better performance and higher correlation than
the NO-TEB scenario. However, the difference between the two scenarios is very small, and
the model overestimated the temperature. The model for both scenarios did not perform well at
night. Therefore, it requires more detailed surface flux analysis. On July 23, the TEB parame-
terisation did not improve the model performance, and the NO-TEB scenario performed slightly
better. This case also needs further analysis of the surface fluxes, especially the anthropogenic
heat flux. In June and July, the anthropogenic heat flux is less critical. The radiative character-
istics of urban surfaces used in the model should probably be revised for these two cases.

The statistical error measures were not performed for the wind speed because the measure-
ments from the observational stations are not representative of the results obtained from the
model.

The vertical profiles of temperature were compared with radiosoundings obtained from the
Legionowo station. The comparison of the sounding profiles with the vertial profiles for NO-
TEB and TEB models showed that TEB improved model performance in reproducing temper-
ature, especially at the day time. The winter case could not be compared in the lower altitudes
up to ~500 m due to the data gap from soundings.

5.2 Future work

The research undertaken for this thesis highlighted several topics on which further research
would be beneficial.

1. Examination of surface fluxes and anthropogenic heat fluxes in detail to better understand

the impacts of the anthropogenic sources on the changes of the meteorological parameters.

2. Vegetation can significantly impact and moderate the urban climate, specifically, the urban

heat island. Different types of greenery and their location can influence the microclimate

over cities. Studying properties of different vegetation types and their impact on the urban
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climate can lead to the implementation of appropriate green elements in the city by urban
planners and ultimately optimize the urban climate. A modelling study could be used for
guiding urban planning.

3. Carry out sensitivity studies with the GEM-AQ model (the GEM model with air quality
processes) to assess the impact of different land covers on air quality in Warsaw. The
knowledge how different types of land cover can impact the air quality could lead to better
air quality forecasts and the development of mitigation plans.
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