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Heat Island (UHI). Southern Europe, particularly the Po Valley region in Italy, faces several
challenges such as land degradation, rapid urbanization, and intensifying climate impacts, with
Bologna exemplifying the intricate interplay between these risk factors. Here, high-resolution
Weather Research and Forecasting (WRF) model simulations are employed to investigate the
three-dimensional urban thermal dynamics under present and future projected extreme heat
scenarios. A multi-scale modeling framework is applied to simulate representative Hot Weather
(HW) events in the near and far future under two emission scenarios (SSP245 and SSP585),
along with a present-day reference event. Results show that the UHI effect persists in all cases
and intensifies during HW periods, especially at night. HW events induce strong near-surface
warming, with a persistent urban-rural temperature contrast of about 3-5 °C and an upward
shift of the 30 °C isotherm, while simultaneously compressing the UHI vertically from ~250 m
in present conditions to ~100-140 m in future HW scenarios. Scenario-dependent differences
emerge, especially in the far future: SSP585 leads to stronger and more persistent nocturnal
overheating, slower recovery, and deeper atmospheric warming, whereas SSP245 shows more
moderate, rapidly reversible UHI anomalies with a more regular diurnal cycle. This study
highlights the importance of a three-dimensional diagnostic approach and underscores the role
of emission pathways in modulating future urban heat stress.

1. Introduction

Urbanization profoundly alters land-atmosphere interactions by modifying surface properties, energy fluxes, and hydrological
processes (Pielke Sr et al., 2011; Bounoua et al., 2002). The replacement of natural landscapes with artificial surfaces changes
local and regional climate through reduced evapotranspiration, increased heat storage, and altered radiative and aerodynamic
characteristics (Collier, 2006; Oke, 1980; Mouzourides et al., 2019). As a result, urban areas typically experience higher temperatures
than their rural surroundings — a phenomenon known as the Urban Heat Island (UHI) effect — driven by urban geometry, material
properties, and anthropogenic heat emissions (Oke et al., 2017; Phelan et al., 2015; Biagi et al., 2025; Gonzalez-Trevizo et al., 2021).
These processes vary across cities and seasons depending on factors such as population density, land use, and regional climate, thus
shaping distinct urban thermal environments (Manoli et al., 2019).
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Extreme heat events further exacerbate urban warming, amplifying health risks and infrastructure stress (Luber and McGeehin,
2008). Major heatwaves, such as those in Europe in 2003 and Russia in 2010, have demonstrated the high vulnerability of urban
populations to extreme temperatures (Lee, 2014). With projections indicating more frequent, intense, and prolonged heatwaves
under future climate scenarios (Perkins et al.,, 2012), understanding their influence on urban thermal structures has become
increasingly urgent for effective adaptation and mitigation strategies.

Thermal structures in urban contexts are investigated through ground-based observations, remote sensing, and numerical
simulations at various spatial and temporal scales. Each method has specific limitations: ground-based measurements provide
detailed local data but lack spatial coverage (Fabrizi et al., 2010), whereas remote sensing ensures wide spatial representation
but is affected by cloud cover, inconsistent urban definitions, and spatio-temporal gaps (Diem et al., 2024; Voogt and Oke, 2003).
To overcome these constraints, numerical simulations — particularly with the Weather Research and Forecasting (WRF) model —
allow flexible resolution and controlled experimentation on how urban form and function interact with climate (Giannaros et al.,
2013). WRF coupled with urban canopy models has been widely used to assess the effects of urbanization and anthropogenic heat on
local climates (Mughal et al., 2020), showing, for example, temperature increases up to 2 °C in urban China due to urbanization and
heat emissions (Feng et al., 2012), or cooling effects from enhanced evapotranspiration under optimized irrigation schemes (Yang
and Wang, 2015). High-resolution setups can distinguish intra-urban UHIs beyond satellite capabilities (Di Sabatino et al., 2020),
and their performance improves markedly with advanced urban parameterizations and updated land cover data (Li et al., 2020).
However, despite extensive research, significant gaps remain in our understanding of the influence of extreme heat on urban
areas (Kong et al., 2021). The findings of existing studies are conflicting, and an increase in UHI under extreme heat conditions
— and consequently in a warming future scenario — is not necessarily guaranteed (Scott et al., 2018; Chew et al., 2021; Richard
et al., 2021). In addition, most of the research in this field focuses on American and Asian cities (Roberge and Sushama, 2018;
Rosenzweig et al., 2005; Ma et al., 2022; Sharma et al., 2019), whose urban morphology differs significantly from that of European
cities (Antipova, 2018; Huang et al., 2007). Southern Europe, though being among the regions most vulnerable to severe threats
— including land degradation, rapid urbanization, and the projected extreme impacts of climate change —, remains a relatively
under-explored area. Few studies have analyzed the urban heat island under future climate scenarios in this region, and even fewer
have investigated its vertical structure. High-resolution WRF-ARW simulations for Rome and Thessaloniki indicate potential UHI
changes under RCP8.5 by the end of the century (Keppas et al., 2021), while CORDEX-SURFEX-TEB projections for Lisbon show
increasing frequency of extreme hot days and nights, though with roughly constant UHI magnitude across hours and urban/rural
areas (Nogueira et al., 2020). Broader European studies using high-resolution modeling highlight potential temperature-related
trends in cities like Genova, Eindhoven, and Tampere (Ascenso et al., 2024), yet these generally do not assess vertical UHI profiles.
Similarly, multi-model climate projections for Swiss cities indicate a strong increase in urban heat extremes compared to rural
areas, particularly during night-time, but vertical UHI characteristics remain unexplored (Burgstall et al., 2021). According to a
recent review (Zhu and Ooka, 2023), existing projections have primarily explored the effects of urban expansion or mitigation
strategies such as green and cool roofs under RCP-based climate scenarios (Argiieso et al., 2014; Tewari et al., 2019; Rafael et al.,
2016; Doan and Kusaka, 2018), often predicting substantial increases in urban temperature and human heat stress toward mid- and
late-21st century conditions. However, these studies mostly focus on surface temperature changes, while the investigation of the
vertical thermal structure of UHIs — and its evolution under distinct socio-economic scenarios — remains largely unexplored. Most
of these studies focus on single future RCP (or SSP) scenarios and rarely compare multiple SSPs, limiting the understanding of how
alternative socio-economic pathways may influence future urban heat dynamics.

The study of the thermal vertical and horizontal structure in urban contexts under different future scenarios is crucial for
developing effective urban planning and climate adaptation strategies (Keppas et al., 2021), and it is also essential for mitigating
the adverse effects of urbanization and climate change (Ascenso et al., 2024). The vertical structure, encompassing the distribution
of temperature at various heights, affects atmospheric stability and pollutant dispersion, which are critical for air quality and public
health (Ching, 2013). The horizontal structure, which includes surface temperature variations across different urban areas, influences
local weather patterns and can exacerbate heat stress in densely populated regions (Lemonsu et al., 2015). To consider the various
environmental conditions impacting the future climate, Kriegler et al. (2012) introduces the use of socio-economic scenarios in
climate change analysis, discussing the concept of Shared Socio-economic Pathways (SSPs). These scenarios are important for
understanding the interplay between socio-economic development and climate change impacts, including extreme heat.

This study aims to address the impacts of distinct SSPs on modifying the thermal structure of a South-European historical city,
i.e. Bologna, and to examine the variation of the three-dimensional thermal structure of urban areas under projected extreme heat
conditions. Building upon the methodology established by Silva et al. (2022) and utilizing a state-of-the-art model for high-resolution
dynamical downscaling, this research is based on the analysis of one control (present) simulation and four future simulations under
different SSP scenarios. By integrating horizontal and vertical analyses, this work addresses two key questions:

» What are the variations in the three-dimensional thermal structure of urban areas between current and projected extreme heat
conditions?

» How is the thermal structure of a historical South-European city influenced under climate conditions associated with different
Shared Socioeconomic Pathway (SSP) scenarios?

This study is structured as follows: Section 2 provides a detailed description of the study area and the methodology to select the
events to investigate under the different scenarios, along with the employed dataset and the setup for the simulations performed
in the analysis. Section 3 outlines the model validation and the results obtained for the control case of the August 2023 heatwave.
Then, it presents the resulting temperature patterns and the characteristics of thermal structure in Bologna during the projected
extreme heat events, comparing the outcomes belonging to different scenarios. Finally, Conclusions summarize the key insights and
suggesting directions for future research.



M. Possega et al. Urban Climate 65 (2026) 102779

according to C3S Climate Extreme Indices

1) Identification of "Hot Years" J

* C3S ETCCDI indices
* Scenarios: SSP245 & SSP585

[_ 2) WRF Downscaling of Xu et al. (2021) _]

* Resolution: 13.5 km
* Bias-corrected CMIP6+ERAS forcing
+ 1979-2100, 6-hourly

|

3) Identification of Hot Weather (HW) events
using Stefanon et al. (2012) method

+ T95 threshold for anomalies
+ Spatial + temporal coherence =60% & =3 days

!

4) High-resolution WRF simulations
during HW events for analysis of urban thermal structure

* Nesting to 0.5 km
* BEP+BEM urban scheme
+ Land cover: CGLC-MODIS-LCZ
« Events: NF-585, NF-245, FF-585, FF-245 + REF 2023

Fig. 1. Schematic representation of the multi-scale workflow implemented in this study.

2. Materials and methods

A methodology for analyzing the UHI effect in future scenarios is developed and applied to the case study of the city of
Bologna, Italy (44.49N, 11.34E, 54 m asl). Located in the Po Valley and bordered to the south by the Apennines Mountains,
Bologna is the seventh most populous city in the country (with a population of around 400,000 inhabitants) and a relatively large
medieval historical center. The city experiences a humid subtropical climate (Cfa) according to the Koppen and Geiger climate
classification (Kottek et al., 2006), characterized by hot summers with temperatures frequently exceeding 38 °C, limited nocturnal
cooling, and frequent temperature inversions, particularly in summer and winter (Rossa et al., 2020). The city is recognized as a
climate change hotspot (Straffelini and Tarolli, 2023), also due to the prevailing weather conditions characterized by weak winds and
poor ventilation in urban neighborhoods (Jongen and Bonafé, 2006). These peculiarities make Bologna a particularly interesting
case study for the analysis of the UHI phenomenon, which can also benefit from a well-documented literature on urban climate
modeling (Nardino et al., 2022; Cremonini et al., 2023) and large observational datasets (Valmassoi et al., 2020).

The present study utilizes a multi-scale approach to investigate urban responses to extreme heat events in future climatic
scenarios. First, climatic projections on the near (2025-2049) and far (2075-2100) future are analyzed to identify “hot years”,
by analyzing key climate indicators under different socio-environmental scenarios (see Section 2.1). Second, climatic projections of
selected “hot years” are downscaled to medium-resolution (13.5 km spatial resolution) utilizing the WRF model to identify summer
hot weather events, i.e. sub-annual periods (typically one or a few weeks) of extreme heat (see Section 2.2). Third, WRF high-
resolution simulations (0.5 km resolution) are carried out to reproduce in detail the weather events and analyze the UHI effects
in his period (see Section 2.3). The above-mentioned steps are schematized in Fig. 1 and are described in detail in the following
sections.

2.1. Identification of future hot years

To identify years with a high probability of extreme heat events based on the two SSP585 (business-as-usual) and SSP245
(mitigation policies) scenarios, we used the Copernicus Climate Change Service (C3S) dataset (Sandstad et al., 2022), which provides
climate extreme indices derived from CMIP6 (Eyring et al., 2016) model ensembles. These indices, suggested by the Expert Team
on Climate Change Detection and Indices (Karl et al., 1999), characterize the occurrence of temperature and precipitation extremes
rather than absolute near-surface temperatures, resulting in a total of 126 time series for each index. The following ones are selected
for the present study:

+ Warm Days (TX90p): Percentage of days with maximum temperature exceeding the 90th percentile within a 5-day window
(1981-2010 climatology);

» Warm Nights (TN90p): Percentage of days with minimum temperature exceeding the 90th percentile within a 5-day window
(1981-2010 climatology);
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Fig. 2. Binned scatterplots of TN90p (Warm Nights) according to C3S data for SSP585 (a) and SSP245 (b) scenarios for Bologna.

Table 1
Selected “hot years" with corresponding scenarios, categorized by period, including
values of chosen TN90p threshold (TN90,,,) and bin counts above that threshold

(Bin,,).
Label Year Scenario Period T N0y, Bin,,
NF-585 2033 SSP585 Near future 30% 77/126
NF-245 2037 SSP245 Near future 30% 75/126
FF-585 2082 SSP585 Far future 50% 98/126
FF-245 2087 SSP245 Far future 50% 94/126

» Summer Days (SU): Annual count of days with maximum temperature above 25 °C.

Fig. 2 shows the yearly value of the TN90p index predicted in the SSP585 and SSP245 scenarios, in the grid cell covering Bologna.
They are plotted as a binned scatter plot to visualize trends and identify periods with the highest probability of extreme heat events.
The comparison between the two scenarios reveals that SSP585 shows a significant increase in the percentage of warm nights, with
two distinct evolution patterns among ensemble members indicating a higher likelihood of extreme heat events. Conversely, SSP245
suggests a stabilization in warm extremes, with a narrower range of values, consistently with the IPCC assessment (Shukla et al.,
2022). The same analyses have been done for the other two indices, which revealed similar behaviors.

By analyzing the behavior of TN90p index separately for near future (2025-2049) and far future (2075-2100) projections, the
years with the highest likelihood of extreme heat events under the two SSP scenarios are identified. Specifically, years in which more
than half of the 126 time series show warm night percentages exceeding the 50% TN9Op threshold (T N90,;,) for the far future and
30% for the near future are identified. The use of different thresholds for the two periods reflects the progressive increase in both
the number and relative frequency of warm nights projected in the future. As illustrated in both SSP585 and SSP245 scenarios (Fig.
2) and noted earlier, warm nights are expected to rise steadily until around 2050, after which the two scenarios diverge: SSP245
tends to stabilize, while SSP585 continues to increase. Adopting distinct thresholds for the near and far future, thus, allows focusing
on periods of heightened heat and provides a more consistent comparison of climate indicators across different time frames and
emission pathways. Based on this criterion, 2033 (SSP585) and 2037 (SSP245) are selected as the “hot years” for the near future,
and 2082 (SSP585) and 2087 (SSP245) for the far future (See Table 1). These selections represent periods with high extreme-heat
probability, facilitating targeted analyses of urban responses under different socio-environmental scenarios. Although these “hot
years” do not correspond to specific calendar years, they serve as reference periods for studying evolving thermal patterns and their
implications for climate resilience in Bologna.

2.2. Climate projection downscaling with WRF

Dynamical downscaling is a powerful tool for representing complex climatic conditions at regional and sub-regional scales,
but uncertainties arise primarily from the use of boundary conditions provided by General Circulation Models, which are subject
to biases (Tapiador et al., 2020; Latif, 2013). To address this, the bias-corrected dataset of Xu et al. (2021) combines CMIP6
projections (Eyring et al.,, 2016) with ERAS reanalysis data (Hersbach et al., 2020), producing a consistent set of surface and
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Fig. 3. Left: the 5-nested domains for high resolution WRF simulations over Bologna (left): orange box for DO1 40.5 km, blue box for D02 13.5
km, green box for D03 4.5 km, red box for D04 1.5 km and white box for DO5 0.5 km. Right: zoom on the D04 (red box, 1.5 km resolution) and
D05 (white box, 0.5 km resolution) domains for the high resolution WRF simulations over Bologna, with markers indicating the urban Bologna
Idrografico (red) and rural Mezzolara (green) in-situ weather stations.

upper-air variables that serve as initial and boundary conditions for high-resolution WRF simulations. The dataset spans 1979-2100
under SSP245 and SSP585 scenarios, with a spatial resolution of 1.25° and six-hourly intervals, and preserves internal climate
variability while incorporating non-linear trends from the CMIP6 ensemble, ensuring physically consistent conditions for dynamical
downscaling.

WREF simulations are carried out with five two-way nested domains with 100 x 100, 103 x 103, 103 x 103, 103 x 103, and
112 x 112 grid cells, with resolution of 40.5, 13.5, 4.5, 1.5 and 0.5 km respectively, centered in Bologna, Italy (Fig. 3).

To maintain consistency with previous research, the same parameterization schemes adopted by Zonato et al. (2020) for
evaluating the UHI of Bologna are here employed. Specifically, the simulation uses the state-of-the-art urban parameterization in
WRF, namely the Building Effect Parameterization coupled to the Building Energy Model (BEP+BEM) scheme (Salamanca et al.,
2010), together with land surface model (Niu et al., 2011) is adopted. In this configuration, anthropogenic heat fluxes are computed
dynamically from building energy use rather than prescribed values: BEM simulates heat released by heating, ventilation and air
conditioning systems, heat generated inside buildings from people (metabolic heat), lighting, and electrical equipment, while BEP
vertically distributes this heat within the urban canopy. The resulting flux is added as a sensible heat source in the surface energy
balance, influencing the urban boundary layer and contributing to the urban heat island effect. This parameterization can also
enhance the nocturnal UHI by sustaining higher night-time temperatures through the delayed release of heat stored in buildings
and urban surfaces. The default resolution of WRF datasets for land use and topography (30”) is too coarse for our sub-kilometer-
scale simulations. Therefore, the hybrid 100-m global CGLC-MODIS-LCZ land cover dataset developed by Demuzere et al. (2023) is
used (see Fig. 4). For topographical data, the high-resolution SRTM (Shuttle Radar Topography Mission) dataset with a 100-meter
resolution is utilized, as detailed in Siewert and Kroszczynski (2020). In terms of vertical resolution, 51 vertical # levels (terrain-
following hydrostatic-pressure coordinates) are selected, with a focus on the first 100 m from the surface, which includes 7 vertical
levels. This configuration is considered effective for capturing extreme weather events at the urban scale, as it combines advanced
urban parameterization, high-resolution land cover and topography, and enhanced vertical resolution near the surface. It allows for
an accurate representation of urban-atmosphere interactions, essential for assessing climate change impacts in cities.

2.3. Identification of projected “Hot Weather events”

The final step of the methodology consists in assessing the impact of projected periods of high temperatures on the thermal
structure of Bologna under various scenarios, using the output of WRF simulations. Taking inspiration by Wang et al., these events
are named “Hot Weather events” (HW), which is a more flexible and inclusive definition than “extreme heat” or “heatwaves”.
Extreme heat is typically defined as exceptionally high temperatures that exceed regional and seasonal norms, posing significant
risks to human health, infrastructure, and ecosystems (Horton et al., 2016). This term often lacks a specific temporal or spatial
definition, which is crucial for consistent climate analysis. Heatwaves are generally understood as prolonged periods of unusually
high temperatures, often spanning several days or weeks (Robinson, 2001). While heatwaves have clearer definitions, they may
exclude shorter but equally impactful temperature spikes. Given the downscaled nature of the climate projection dataset and the
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Fig. 4. The hybrid 100-m global CGLC-MODIS-LCZ land cover map for domain DO5. Red areas refer to urban classes, while green areas refer
to rural.

Table 2
Selected “Hot Weather (HW) events” for each corresponding scenarios, with respective
HW days and study period.

Label Year Scenario HW Event Study Period

REF 2023 historical 21-26 August 16-31 August

NF-585 2033 SSP585 11-14 June 6-19 June

NF-245 2037 SSP245 23-28 August 18 August-2 September
FF-585 2082 SSP585 30 August-10 September 25-August-15 September
FF-245 2087 SSP245 12-16 June 7-21 June

need to identify events across diverse future scenarios, the term “hot weather” strikes a balance between specificity and inclusivity.
It encompasses both sudden, acute spikes in temperature and longer, sustained periods of heat, thereby enabling the identification
of thermally relevant events without relying on rigid, context-dependent definitions such as “heatwave” (WMO, 2015).

HW events have been identified by analyzing the climatological mean distribution of temperature for the reference period
2000-2022, following the approach proposed by Stefanon et al. (2012). The aim is to establish robust and consistent thresholds
for identifying HW events under the current and future climate while accounting for evolving temperature extremes over time.
Using hourly temperature outputs from the WRF model at 13.5 km resolution described in Section 2.2, daily temperature anomalies
are calculated for each grid point relative to the 2000-2022 climatology derived from ERA5 reanalysis. Following Perkins (2015),
days are classified as extremely hot when temperature anomalies exceed the 95th percentile (T95) of the local probability density
function. The use of the T95 threshold suggested by Stefanon et al. (2012) is also widely adopted in heatwave detection studies
in different areas of the world (Anderson and Bell, 2009; Tong et al., 2010; Xu et al., 2013; Zeng et al., 2014; Zhang et al., 2015;
Ma et al., 2015; Possega et al., 2022) and ensures that only the most extreme and persistent events are captured. Using a lower
percentile threshold (e.g., the 90th) would increase the number of detected events, though it would reduce the focus on the most
severe heat extremes. The T95 threshold is calculated using a 21-day centered moving average across the reference climatology,
balancing the detection of significant events with statistical reliability. To ensure spatial coherence and filter out isolated anomalies,
it is required that at least 60% of a 25 x 25 cell centered on Bologna exceeds the T95 threshold. This condition must persist for at
least 3 consecutive days, with all such days within the period classified as HW days. The analysis centers on four identified events:
two near-future events (NF-585 and NF-245) and two far-future events (FF-585 and FF-245), compared against a baseline August
2023 heatwave event (hereafter labeled as REF, see Table 2).
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Fig. 5. Validation of WRF simulation with observed T,,, (temperature at 2 m from the ground) values, distinguishing urban (Bologna Idrografico)
and rural (Mezzolara) ARPAE stations.

3. Results and discussion
3.1. Control case

The simulation approach and settings have been assessed by reproducing the control case on a heatwave impacting the whole
Italian peninsula during the summer of 2023. Initial and boundary conditions are derived from the ERAS reanalysis dataset, enabling
a nested domain structure streamlined from 13.5 km to 0.5 km. Considering the HW event from 21 to 26 August 2023, the simulation
covers a period starting six days before the heatwave onset, allowing for one day of model spin-up, and extends to five days after
the heatwave ends, therefore covering the interval 16-31 August 2023.

3.1.1. Model validation with observations

The numerical outputs of the simulation are validated comparing against open source observational data collected by meteoro-
logical stations of the Regional Agency for Prevention, Environment and Energy of Emilia Romagna (ARPAE, 2023). The average
2 m air temperature (75,,) reproduced by the WRF simulation with the highest resolution (0.5 km) are compared with measurements
at two selected locations: Bologna Idrografico (44.50N, 11.35E, 84 m asl) and Mezzolara (44.57N, 11.53E, 20 m asl), respectively
located in the Bologna urban and rural area (see markers in Fig. 3).

Fig. 5 shows the temporal series of observed and simulated 75, at both locations, along with scatter plots showcasing the linear
regression between simulated and observed values. Overall, the simulations reproduce the daily temperature variation in good
agreement with the measurements. In both locations, a slight overestimation of the night-time temperature is detectable in the
period 23-26 August. This nocturnal bias is a well-documented feature of WRF under stable boundary-layer conditions (Giannaros
et al., 2013; Lin et al., 2016; Bhati and Mohan, 2018; Salamanca et al., 2018; Vogel and Afshari, 2020), particularly in urban areas,
where excessive heat storage and reduced nocturnal cooling can lead to warmer simulated night-time temperatures. The effect is
primarily attributed to the parameterization of urban canopy and surface energy balance, which can overestimate the retention of
heat within built environments. However, this overestimation remains within an acceptable range (RM.SE < 2°C) and does not
significantly compromise the ability of the simulation to capture the observed temperature pattern or the relative UHI intensity
between urban and rural sites. Also, the very high correlation between observations and simulations (R?> > 0.9) confirms that the
control case produces reliable results.
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3.1.2. Thermal structure above the urban area in the present scenario

The urban thermal structure of the control case is analyzed for the period 16-31 August 2023. The first two aspects examined
are the temporal evolution of the average 2 m air temperature (75,,) in Bologna urban and rural areas, and the modification of the
vertical thermal structure above the urban area of Bologna, analyzed through the time-height cross section of temperature.

Fig. 6a displays the temporal evolution of T,,, over Bologna, distinguishing between spatial averages over urban and rural areas
spanning from 16 to 31 August 2023, with time given in UTC (local time = UTC+2). Considering land cover classification provided
in Demuzere et al. (2023) and reported in Fig. 4, urban temperature Ty, is calculated by averaging over urban land cover classes
(categories 52-59) within the area (44.4-44.6°N, 11.2-11.45°E), whereas rural temperature (Ty) is computed by averaging over rural
land cover classes (categories 4—12) outside this area. Fig. 6a also describes the modification of the UHI index (represented by the
dashed blue line), defined as T, — Tx (Basara et al., 2008). Both temperature series exhibit a regular diurnal cycle, with daily
temperature maxima occurring around 12:00 UTC (14:00 local time), and minima around 03:00 UTC (05:00 local time). Urban
temperatures are systematically higher than rural ones (+0.5 °C on average), resulting in a persistently positive UHI index up to
3°C. Notably, a positive UHI index persists throughout the entire day, peaking in the evening before gradually decreasing overnight
and reaching its minimum in the early morning. This diurnal cycle reflects the thermal properties of urban surfaces, whose higher
heat capacity and lower albedo enhance daytime heat storage and slow night-time cooling (Kim and Brown, 2021). With the onset
of the hot weather period (HW, which also stands for heatwave here) highlighted in yellow (21-26 August), temperatures rise
substantially. Urban daily maxima reach nearly 39°C, while rural peaks stay closer to 36°C. The UHI intensity strengthens during
this event, particularly between 22 and 24 August, with peak differences approaching 3.5 °C. This is consistent with findings in the
literature, which indicate that typical characteristics of heatwave periods can amplify the thermal difference between urban and
rural areas (Jiang et al., 2019). The intensification of the UHI during the HW arises from enhanced heat storage in urban materials
and their lower albedo, which increase daytime energy absorption and delay nocturnal cooling. Reduced evaporative capacity of
built-up surfaces further limits cooling efficiency, sustaining a stronger and more persistent UHI. As the HW ends and background
temperatures decrease, these processes weaken and the UHI gradually declines, although residual heat remains due to the slow
release of stored energy (Li and Bou-Zeid, 2013; Founda and Santamouris, 2017; An et al., 2020; Kim and Brown, 2021). After
the heatwave (27 August), as background temperatures decrease, both T;; and Ty considerably reduce, and the UHI index shows a
less pronounced diurnal cycle, reflecting the resumption of nocturnal radiative cooling, yet it remains positive due to residual heat
stored in urban surfaces. This suggests that the reduction of T;,, influences urban areas more slowly than rural ones, highlighting
the key role of thermal inertia of urban materials in prolonging extreme temperature conditions (Cai and Du, 2009; Berwal et al.,
2016).

Fig. 6b shows the vertical cross-section of air temperature over the urban area of Bologna (44.4-44.6°N, 11.2-11.45°E) from 16
to 30 August 2023. A distinct diurnal cycle is evident in the lower troposphere, with daytime warming typically confined below
~ 800 m and near-surface (< 100 m) temperatures (defined as T,) peaking around 14:00 UTC (16:00 local time). Before the onset
of the HW, maximum 7, remains below 32 °C and nocturnal cooling leads to near-surface minima below 24 °C. Starting on 21
August, the onset of the HW marks a pronounced and sustained warming of the atmospheric column. Between 23 and 25 August,
daily maximum T, exceeds 37 °C, locally reaching ~ 41 °C, while the 30 °C isotherm progressively extends upward, peaking around
1500 m during early afternoon hours (14:00 UTC). The night-time temperatures remain high, often above 27 °C near the surface,
with a notable suppression of nocturnal cooling below ~ 500 m. These conditions reflect an enhanced synergy between HW and
UHI effects, characterized by persistent heat retention within the urban canopy layer. This synergistic intensification is likely driven
by a combination of increased net radiation under clear-sky conditions, reduced evaporative cooling due to limited vegetation,
atmospheric stability limiting advective cooling, and anthropogenic heat emissions (An et al., 2020; Zhao et al., 2018). Following the
HW peak, a sharp thermal breakdown occurs after 27 August, with both surface and tropospheric temperatures declining significantly
and the 30 °C isotherm no longer exceeding ~ 300 m.

Fig. 7 shows the horizontal thermal distribution by displaying the T,,, over the city of Bologna 2 days before HW event (hereafter
defined as pre-HW day) and the day corresponding to maximum T}, according to Fig. 6a (hereafter defined max-HW day), namely
19 and 25 August 2023, respectively.

Fig. 7a shows the early morning spatial pattern of T,,, and over Bologna for pre-HW day during August 2023 event. The central
region of the plot delimited by the red contour, corresponding to the urban city of Bologna, exhibits warmer temperatures with
values between 24 °C and 27 °C during the early morning (05:00 UTC, approximately 07:00 local time, shortly after the 06:30 local
sunrise). This is indicative of the UHI effect, where the densely built-up area (highlighted in the figures by a red contour line) has
a higher thermal inertia that leads to elevated night-time temperatures compared to the surrounding rural areas. The surrounding
region, especially toward the north and east, exhibits significantly lower temperatures during the night, highlighting how rural areas
cool more efficiently due to the absence of heat-retaining infrastructure such as buildings and asphalt. Also, the northwestern rural
areas exhibit a relatively uniform temperature distribution, which is consistent with open landscapes such as agricultural fields that
tend to cool more during the night. In contrast, the warmer near-surface temperatures observed along the southern foothills of the
Apennines (see Fig. 3c), compared to the cooler northern rural plains, can be attributed to several topographically driven processes.
In the early morning, the southern hills receive direct solar radiation sooner due to their orientation, leading to earlier surface
warming. Additionally, these elevated areas typically have drier soils, which heat more efficiently, and less effective nocturnal
radiative cooling due to their exposure and slope geometry. Meanwhile, the northern plains, being relatively flat and enclosed,
may experience cold air pooling overnight due to gravitational drainage from surrounding higher terrain, further enhancing the
temperature contrast (Whiteman, 2000). Fig. 7b shows the early morning spatial pattern of 7,,, and over Bologna for max-HW day
during August 2023 event. An increase in T,,, across the entire domain is observable, with values in the range between 24-27 °C,



M. Possega et al. Urban Climate 65 (2026) 102779

a5 ‘ 2023 6
HW Period
—_— Tu
40-—Ta
o
I
\i )
v W\\l y vV
20
15|
L-4
10 | | | .
8-17 819 8-21 823 825 827 8-29
Time [days]
(a)
— 2023
1800
1600
1400
E
EIZOO )
2 1000 =
[
T
800
600
400 1
200
g8 8 8 8 8 8 8 8 8 8
© 8§ ¢ 8 6 3 ¢3¢ 7
[te] " [+)) 3 o~ ~ un -~ [e0] -
5 &9 z & 3 8 g s g 7
o] (] (o] (o]

Fig. 6. (a) Timeseries of T,, over Bologna during August 2023 heatwave: red line is the spatially averaged urban T,,, (T},), green line is spatially
averaged rural 7, (T%), and the blue line represents the UHI index. (b) Temporal evolution of time-height cross section of temperature over
the urban area of Bologna during the August 2023 heatwave.
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Fig. 7. Early morning spatial distribution of T, (temperature at 2 m from the ground) over Bologna for pre-HW (a) and max-HW (b) day
regarding REF. Panels are representative of the hours when daily minimum temperature values are reached. The arrows represent the 10 m wind
speed and direction w,,. The red contour represents the border of the Bologna urban area based on Natural Earth data from MODIS (Justice
et al., 2002).

confirming the persistence of elevated night-time and early morning temperatures during the heatwave event. As expected, the city
center shows higher temperature values (Qiao et al., 2024; Sarangi et al., 2021), showing a distinct hot spot with temperatures
exceeding 27 °C, whereas the pre-HW plot shows much lower temperature gradient between the city and its surroundings, with a
weaker UHI index (< 3° C) compared to the HW plot (> 3° C). The weak near surface winds contribute to poor ventilation, especially
in urban areas where buildings limit airflow (Theeuwes et al., 2017). Moreover, during the heatwave the pre-existing topographic
effects are further amplified. The higher temperatures observed over the southern foothills of the Apennines compared to the pre-HW
(Fig. 7a) indicate that during the heatwave these elevated areas undergo slower nocturnal cooling. Several physical processes may
contribute to this behavior. First, persistent warm air advection at mid-levels can maintain elevated temperatures even over higher
terrain (Geiger et al., 2009). Second, the reduced efficiency of radiative cooling at night (often associated with stable atmospheric
stratification in elevated areas) can limit the loss of surface heat after sunset (Barry and Chorley, 2009). Finally, during the daytime,
turbulent mixing and local downslope flows may transport warm air from higher altitudes downward, leading to heat accumulation
near the surface, which is then retained during the night due to limited ventilation and thermal inertia. These mechanisms jointly
result in a thermal contrast between the foothills and adjacent lowlands, where cooling is genel;ally more efficient.

Fig. 8 illustrates the vertical profiles of temperature T and potential temperature § =T (P—O) (where p is atmospheric pressure,

P is the 1000 hPa reference pressure, and k = = =~ 0.286) in the evening (20:00 UTC, approximately 22:00 local time, about 2 h

after the 20:00 local sunset) at Bologna Idrograf1c0 (urban) and Mezzolara (rural) weather stations (see Fig. 3b).

Fig. 8a shows the vertical profiles of temperature 7 and potential temperature 6 before the HW event. Near the surface (below
~ 20 m), the urban site exhibits T up to 2-3° C higher than the rural site, indicating a moderate UHI effect. This thermal contrast
progressively decreases with height and becomes negligible above ~ 250 m, suggesting that the UHI effect is primarily confined to
the lower atmospheric layers. The 0 profiles reveal contrasting stability conditions between the urban and rural sites. After the first
50 m, urban potential temperature 6;; remains nearly constant with height, indicating a neutrally stratified layer. This suggests that
mechanical turbulence, enhanced by the urban canopy, supports vertical mixing and prevents the development of thermally stable
stratified boundary layer. In contrast, the rural profile exhibits an increase in potential temperature 6z, with a vertical gradient
of ~ 2° C/100 m, indicative of thermal stable stratification. This feature is consistent with radiative cooling of rural surfaces after
sunset, which leads to the formation of a near-surface temperature inversion and reduced vertical mixing (Fernando, 2010). Fig.
8b shows the vertical profiles of temperature T and potential temperature 6 during the HW event. Compared to the pre-HW case,
the overall T is significantly higher in both locations, reaching values near 35 °C at the surface in the urban area. The urban-rural
temperature difference near the surface exceeds 2 °C and remains pronounced up to approximately 200 m altitude, indicating a
stronger and more vertically confined UHI effect under HW conditions. Regarding 0 profiles, it is notable that the onset of the HW
intensifies both radiative cooling over rural areas and heat release from urban surfaces. This dual mechanism sharpens the contrast
in low-level stratification (the lowest 50 m): increasing stability over rural areas (exacerbated —< 9 > 0) and promoting temporary

instability in urban environments (enhanced d:f < 0). Overall, the increased thermal contrast and vertical stability difference
between the two environments contributes to an intensification of the UHI effect during the HW event.

3.2. Horizontal thermal pattern under future scenarios

This section examines the behavior of 7,, under future climate scenarios, focusing on both the temporal evolution and the
horizontal spatial distribution at specific times.
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Fig. 8. Evening vertical profile of T and potential temperature 6 for urban Bologna Idrografico and rural Mezzolara locations for pre-HW (a)

and max-HW (b), namely 19 and 25 August 2023. Red and green lines represent the temperature profiles at the urban and rural locations,
respectively, while blue and cyan lines show the corresponding potential temperature profiles.

3.2.1. Temporal evolution of T,

Fig. 9 shows the T, profiles in urban areas during HW events (marked by yellow shading) for the 4 different cases listed in
Table 2, alongside the urban—rural thermal difference represented by the UHI index.

Fig. 9a reports the 4 days NF-585 event. Here, T;; exceeds T throughout the study period at night, with nocturnal UHI index
values frequently surpassing 3 °C, also increasing and peaking at 5 °C during HW nights. Daytime T;; and Ty notably increase
during HW days, peaking above 40 °C, but they reveal an inappreciable difference, which in some occasions leads to UHI index < 0.
The amplitude of the urban diurnal cycle is reduced compared to the rural curve, with urban areas exhibiting limited night-time
cooling. Fig. 9b describes the 5 days NF-245 event, in which daytime T;; and Ty reach similar values compared to NF-585 event,
with maxima above 40 °C. Also in this case, despite rural areas experiencing similarly high daytime temperatures, especially during
HW nocturnal cooling is more efficient outside the urban area: night-time Ty drops below 24-25 °C, whereas Ty, remains higher.
This results in a persistent night-time UHI intensity of approximately 4.5 °C. Particularly near the end of the HW event (26-27
August), the steep rise in T temporarily reduces the UHI index, which becomes even slightly negative. Fig. 6¢ shows the FF-585
case, which features the most prolonged HW (10 days) among the examined events. This case is characterized by persistent but
not extremely high temperatures, with T, and Ty daily maxima rarely exceeding 34 °C. Despite the absence of extreme daytime
peaks, the HW period shows an almost constant difference in nocturnal Ty, and Ty, producing a sustained UHI effect. The UHI index
increases significantly during the HW period, remaining mostly between 3—-4 °C. Also in this case, the UHI index occasionally turns
negative. Fig. 6d illustrates the 5 days FF-245 event. Daily maxima of both T, and Ty generally remain below 35 °C, except for the
HW days. UHI intensity during this case is slightly lower than in the other scenarios, typically remaining slightly above 3 °C during
the HW period. Although both 7}, and Ty rise during the HW, the UHI index shows only a limited increase, suggesting a more
parallel evolution of urban and rural temperatures during extreme conditions. A particularly noteworthy aspect is that the highest
UHI values are recorded after the end of the HW period, despite a general cooling in both urban and rural temperatures. All five cases
— including the reference year 2023 (REF) — show a clear UHI effect, yet with notable differences in terms of intensity, temporal
dynamics, and response to HW events. The REF case exhibits a moderate but consistent UHI, with average intensity around 0.5 °C
and peaks reaching ~ 3.5° C during the HW period. Importantly, the UHI index in REF remains negligible or positive throughout
the day, with a well-defined diurnal cycle. The two near-future events (NF-585 and NF-245) are characterized by extremely high
daytime temperatures, with both T;; and T exceeding 40 °C, particularly during HW peaks. However, the UHI intensity during the
day tends to diminish, occasionally dropping to zero or becoming negative due to the parallel rise in rural temperatures, more than
in REF case. Nocturnal UH]I, on the other hand, is more persistent and intense, frequently exceeding 4 °C, especially in NF-585 where
it peaks around 5 °C during HW nights. The far-future cases (FF-585 and FF-245) exhibit less extreme absolute temperatures: daily
maxima of T;; and Ty mostly remain below 35 °C. Nevertheless, these events show a sustained nocturnal UHI effect, indicating that
persistent thermal stress in urban areas can occur even in the absence of extremely high temperature peaks. In the prolonged FF-585
event, the UHI index remains steadily between 3-4 °C during HW nights, while in FF-245 the UHI intensity is slightly weaker and
less responsive to the HW itself, maintaining values just above 3 °C, but the highest UHI values emerge after the end of the HW,
despite an overall cooling trend in both T;; and T. This behavior diverges from the REF case, where the UHI peaks during the HW
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Fig. 9. Timeseries of T,, over Bologna: red line is the spatially averaged urban T, (T), green line is spatially averaged rural 7,, (T%), and
the blue line represents the evolution of UHI index. Panels refer to the 4 selected “hot weather” events: NF-585 (a), NF-245 (b), FF-585 (c) and
FF-245 (d).

Table 3
Average of daily peak values of T;; and Ty (daytime) and peak UHI (night-time) for each case and period (Preyy,,
HW, Posty, ).
Label Ty Tr UHI
Preyy, HW Post Preyy, HW Post Preyy, HW Post
NF-585 31.2 40.5 35.1 29.3 39.5 33.4 3.5 4.0 3.1
NF-245 36.0 39.5 33.6 34.5 39.5 32.7 3.5 4.5 3.3
FF-585 32.3 34.5 30.5 29.7 31.6 27.4 3.5 4.5 3.1
FF-245 32.3 36.5 31.5 30.6 34.5 29.4 3.5 4.5 3.0
REF 34.5 38.4 33.4 32.6 35.8 31.3 3.1 4.0 3.2

and weakens after it, highlighting a temporal shift in UHI dynamics. To quantitatively support these observations, average daily
peak values of urban temperature (7};) and rural temperature (Ty), together with peak night-time UHI, were computed for the five
analyzed cases (NF-585, NF-245, FF-585, FF-245 and REF), distinguishing three key periods: before the event (Preyy ), during the
event (HW), and after the event (Postyy ) (see Table 3).

Table 3 confirms the main contrasts among scenarios. Near-future cases (NF-585 and NF-245) record the highest daytime urban
temperatures during HW, peaking at 40.5 °C and 39.5 °C, respectively, while rural temperatures rise in parallel, reducing daytime
UHI differences. Despite this, night-time UHI remains strong, averaging 4.0-4.5 °C during HW. Far-future scenarios (FF-585 and
FF-245) show lower absolute temperatures (urban peaks of 34.5-36.5 °C), yet maintain similar nocturnal UHI values (4.5 °C) and
exhibit persistence after HW, indicating urban thermal inertia. The REF case lies in between, with HW peaks of 38.5 °C and UHI
around 4.0 °C.

In general, while near-future scenarios are marked by short and intense HW events with stronger fluctuations in UHI, far-
future scenarios — especially under lower emissions (FF-585) — highlight the risk of chronic nocturnal urban overheating, even
in the absence of extreme daytime heat. The comparative analysis suggests that UHI dynamics are governed not only by absolute
temperatures, but also by the interplay between rural and urban thermal inertia, which evolves differently across emission pathways
and future periods. While the REF case displays a predictable diurnal UHI pattern that intensifies during HWs but quickly relaxes
afterward, future conditions — especially under high-emission or prolonged HW scenarios — are likely to induce more persistent
nocturnal overheating, regardless of the presence of extreme temperature peaks.
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Fig. 10. Early morning spatial distribution of T,, over Bologna for pre-HW (a) and max-HW (b) day regarding NF-585, and for pre-HW (c)
and max-HW (d) day regarding NF-245. The arrows represent the 10 m wind speed and direction. The red contour represents the border of the
Bologna urban area based on Natural Earth data from MODIS.

3.2.2. Horizontal spatial distribution of Ty,

The analysis of the spatial patterns of T, over Bologna reveals distinct trends in UHI intensity across different years and SSP
scenarios. As previously done for the REF case, Fig. 10 illustrates these patterns for NF-585 and NF-245 cases 2 days before the HW
event (pre-HW) and during the day corresponding to maximum 7;; (max-HW) according to the respective panels in Fig. 9. Panels are
representative of the hours when daily minimum temperature values are reached, namely at 05:00 UTC (07:00 local time), shortly
after the 06:30 sunrise.

Fig. 10a shows the pre-HW conditions for NF-585. The T,,, field is relatively uniform (12-18° C), and no significant urban UHI
effect is evident at this hour, since the urban area does not stand out thermally from the surrounding rural landscape. Fig. 10b
shows the max-HW day for NF-585, where T,,, rise significantly throughout the domain (> 30° C). Urban areas undergo a significant
warming, but an exacerbation of UHI effect is not observable, as similar temperatures are observed in the surrounding peri-urban
(land cover classes 55-56 in Fig. 4) and rural areas. Fig. 10c shows the pre-HW day under the NF-245 scenario, with T, ranging
between 12-20 °C. Slightly warmer conditions are observed within the urban area, particularly when compared to the northern
and western rural surroundings, suggesting the presence of a moderate UHI effect (UHI index ~ 1° C). Fig. 10d shows the max-HW
day for NF-245, where temperatures generally ranging from 22 °C to 28 °C across the region. The urban area exhibits high 7,,
with respect to the surrounding rural region, particularly to the north and north-east. This indicates a UHI effect, with the strongest
contrast in the zones of dense urban development (land cover classes 52-53 in Fig. 4). In contrast, high T, values in the southern
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Fig. 11. Early morning spatial distribution of T, over Bologna for pre-HW (a) and max-HW (b) day regarding FF-585, and for pre-HW (c)
and max-HW (d) day regarding FF-245. The arrows represent the 10 m wind speed and direction. The red contour represents the border of the
Bologna urban area based on Natural Earth data from MODIS.

region appear unrelated to urban land cover, and are influenced by other meteorological factors as discussed for the REF case (see
Fig. 7b).

Fig. 11 illustrates 7T,,, patterns for FF-585 and FF-245 cases 2 days before the HW event (pre-HW) and during the day
corresponding to maximum Ty, (max-HW) according to respective panels in Fig. 9. Also in these cases, panels are representative of
the hours when daily minimum temperature values are reached, namely at 05:00 UTC (07:00 local time), shortly after the 06:30
sunrise.

Fig. 11a shows the pre-HW day for FF-585. The T),, field is not uniform (14-24° C), and higher values are observed in the urban
areas of Bologna compared to the rural surroundings. This suggests the onset of a moderate UHI effect (UHI index ~ 2° C) even
before the HW event. Fig. 11b shows the max-HW day for FF-585. The urban area exhibits notably higher temperatures than its
northern surroundings, with the city center exceeding 28 °C, leading to a strong UHI index (~ 4° C). The Apennines side increase
in T,,, is similar to that observed in the REF (Fig. 7b) and NF-245 (Fig. 10d) cases. Fig. 11c shows the pre-HW day for FF-245. The
T,,, distribution reveals limited contrast between urban and rural areas, therefore the UHI effect is almost negligible. Fig. 11d shows
the max-HW day for FF-245. T,,, rises across the domain but remain lower than in the FF-585 scenario. The temperature increase
is uniform across the domain, regardless of whether the area is urban or rural, so the UHI effect is negligible.

A comparative analysis across present, near future, and far future scenarios reveals notable differences in 7,, intensity and
spatial pattern under varying emission pathways, also concerning the UHI effect. In the REF case, the UHI is already evident before
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the HW, with early morning urban temperatures exceeding those in the rural surroundings due to thermal inertia. This contrast
strengthens during the HW, with a clear urban hotspot and persistent high temperatures. In the near future, differences between the
two scenarios emerge more clearly during the HW event. In NF-585, no UHI effect is observed before the HW, and even during the
HW, despite a general temperature rise across the domain, the UHI signal remains weak due to relatively homogeneous warming. In
contrast, NF-245 already shows a moderate UHI before the HW, which becomes more evident during the HW, especially over dense
urban zones. This highlights the greater spatial contrast in SSP245 compared to SSP585, despite the lower overall warming. In the
far future, the divergence between the scenarios is even more pronounced. In FF-585, a strong UHI effect is present already before
the HW, and it becomes significantly amplified during the HW, with urban-rural temperature differences up to ~ 4° C. This points to
a more persistent and intense UHI effect under high-emissions scenarios. On the other hand, in FF-245, the temperature distribution
remains nearly uniform both before and during the HW, with no notable UHI signal, suggesting that emission mitigation strongly
limits future UHI intensification. The increasingly evident differences between SSPs in the far future are consistent with global
projections (Hajat et al., 2023; Norgate et al., 2024) and IPCC assessments (Shukla et al., 2022), which highlight that scenario-driven
temperature contrasts become more significant over time as greenhouse gas emissions diverge.

3.3. Vertical thermal structure under future scenarios

This section examines the vertical distribution of temperature under future climate scenarios, focusing on both the temporal
evolution of the thermal structure and the vertical profiles at specific times.

3.3.1. Time-height cross section of temperature

Fig. 12 shows the temporal evolution of time-height cross sections of temperature (in °C) over the urban area of Bologna
(44.4-44.6°N, 11.2-11.45°E) for NF-585, NF-245, FF-585 and FF-245 cases. The vertical axis spans from the surface up to 2000 m
above sea level, and time is given in UTC.

Fig. 12a shows the NF-585 case. The HW event (11-16 June) is characterized by a strong increase in near-surface (below 100 m)
temperature 7, compared to pre-HW days, and it reaches 41 °C during the central days of the event. The 30 °C isotherm rises up to
1100 m during the HW period, indicating a deep and well-developed mixed layer. This vertical extension of warm air reduces static
stability and can initially favor vertical mixing and pollutant dispersion. However, the intense and persistent heating also leads to
a strong capping inversion above the mixed layer, which may later inhibit vertical exchange and favor pollutant accumulation near
the surface, particularly during the evening and night hours. During HW period, nocturnal cooling is significantly suppressed: even
during early morning hours (04:00-06:00 UTC) T, remains above 30 °C, indicating strong heat retention. Night-time temperatures
remain elevated, particularly below 200 m where values stay above 27 °C throughout the night. A high vertical temperature gradient
(> 1 °C/100 m) persists below 1000 m, indicating partial stratification. After the HW ends, a distinct diurnal cycle resumes, though
both daytime maxima and night-time minima remain slightly higher compared to pre-HW conditions. Fig. 12b shows the NF-245.
The HW event (23-28 August) is characterized by a pronounced increase in T, with respect to pre-HW days, surpassing 40 °C.
The 30 °C isotherm rises up to 1000 m, though not as high as in NF-585. During the HW peak, nocturnal cooling is significantly
reduced: even at 06:00 UTC, T, stays around 30 °C. This persistent night-time heat suggests an urban heat retention effect, though
less pronounced than in NF-585. The moderate vertical temperature gradient present below 500 m (~ 1 °C/100 m) indicates limited
vertical mixing. Following the HW, a distinct diurnal cycle resumes, as T ranges from 18 °C at night to 28 °C during the day, which
are slightly reduced values with respect to pre-HW conditions. Fig. 12c shows the FF-585 case. A prolonged 10-day HW event is
observed (30 August-10 September). Even before the HW onset, daytime T, peaks around 30 °C, with nocturnal cooling allowing to
drop to 23 °C. The HW event is marked by warming throughout the atmospheric column, and T exceed 33 °C during the central
hours of the day. The 30 °C isotherm is confined below 200-300 m throughout the first HW days, then extends up to 500 m near
the HW end. The vertical temperature gradient becomes notably small throughout the first 1000 m (< 0.5 °C/100 m), which reveals
a weak stratification and a highly mixed layer. Following the HW, a diurnal cycle resumes, with both day and night temperatures
lower compared to pre-HW values. Fig. 12d shows the FF-245 case. Compared to pre-HW days, the HW period (12-16 June) is
characterized by an increase in T, which peaks at 38 °C. It is possible to observe a gradual increase of temperature simultaneously
to the HW development, and the 30 °C isotherm rises to a maximum altitude of 800 m during the central HW days (14-15 June). A
moderate vertical gradient (~ 1 °C/100 m) is notable in the first 800 m, indicating partial stratification and mixing efficiency. After
the HW event, a regular diurnal cycle re-establishes, with daytime maxima and night-time minima similar to pre-HW conditions.

A comparison across the five cases (NF-585, NF-245, FF-585, FF-245 and REF described in Section 3.1.2) reveals both common
thermal responses to HW events and distinct features tied to scenario and period. In all cases, HW periods are characterized by
intensified near-surface warming, upward displacement of the 30 °C isotherm, and reduced nocturnal cooling, signaling enhanced
heat retention. The NF-585 and NF-245 scenarios exhibit similar thermal patterns, but the NF-585 case shows stronger heat
accumulation and suppressed nocturnal cooling, suggesting more intense effect of urban warming compared to NF-245. In the
far future scenarios, FF-585 displays a prolonged HW period with a markedly weak vertical temperature gradient, indicating a
highly mixed and weakly stratified lower troposphere, unlike FF-245, which maintains a more defined vertical gradient and limited
warming confined below 800 m. While all future scenarios show HW amplification relative to REF, the intensity, persistence, and
vertical extent vary across SSPs and time horizons. These differences in vertical temperature structure have important implications
for atmospheric stability and pollutant dispersion: the weakened stratification and deeper mixed layers observed in SSP585 scenarios
favor turbulent mixing and vertical transport during daytime, but can also enhance the accumulation of pollutants near the surface
under nocturnal inversions. Overall, SSP585 scenarios (both near and far future) are associated with more pronounced thermal stress,
reduced cooling capacity, and signals of stronger stratification breakdown compared to SSP245, highlighting the role of emission
pathways in shaping future urban thermal extremes.
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Fig. 12. Temporal evolution of time-height cross section of temperature over the urban area of Bologna for NF-585 (a), NF-245 (b), FF-585 (c)
and FF-245 (b) HW events.

3.3.2. Thermal vertical profile

Fig. 13 illustrates the vertical profiles of temperature 7 and potential temperature ¢ in the evening (20:00 UTC) at Bologna
Idrografico (urban) and Mezzolara (rural) weather stations for pre-HW and HW days for near-future cases NF-585 and NF-245.

Fig. 13a shows the pre-HW day for the NF-585 case. Close to the surface (below 20 m), the urban location exhibits slightly
higher T (34 °C) than the rural site, suggesting a detectable positive UHI effect. Temperature differences between the two sites
diminish with height, becoming negligible at ~ 140 m. The 6 profiles reveal differences in atmospheric stability: at the urban site,
0 remains relatively constant up to about 200 m, indicating a neutrally stratified layer. This behavior indicates enhanced turbulent
mixing, due to the roughness of the urban surface and residual mechanical turbulence after sunset. In contrast, the rural 6 profile
shows a pronounced increase with height, with a gradient of ~ 2 °C/100 m, pointing to a stable stratification typical of nocturnal
cooling over vegetated surfaces. Fig. 13b exhibits the max-HW day for the NF-585 case. Near-surface T are markedly high at both
sites, with a ~ 10° C increase compared to the pre-HW situation. The urban-rural thermal contrast reveals similar to pre-HW in the
first 20 m, but it diminishes rapidly with height and becomes negligible at 50 m, suggesting that the UHI is more vertically limited
than in pre-HW conditions. The # profiles show analogous characteristics to pre-HW, but the rural site shows a sharper increase
with height. Fig. 13c shows the pre-HW day for the NF-245 case. Near the surface, the urban site displays 7 about 1.5 °C higher

16



M. Possega et al. Urban Climate 65 (2026) 102779

500 2033-06-09 20:00 UTC 2033-06-13 20:00 UTC

400
E 300
=
&=
(=)
v
I 200

100

0
15 20 25 30 35 40 15 20 25 30 35 40
(a) (b)

500 2037-08-21 20:00 UTC 2037-08-24 20:00 UTC

400
— 300
£
£
=)
2 200

100 4

0 T T T T
15 20 25 30 35 40 15 20 25 30 35 40
T, 0 [°C] T,0[°C]
(c) (d)

Fig. 13. Evening vertical profile of T and ¢ for urban Bologna Idrografico (red and blue) and rural Mezzolara (green and cyan) locations for
pre-HW (@) and max-HW (b) days for case NF-585, and for pre-HW (c) and max-HW (d) days for case NF-245.

than the rural site, and this thermal contrast remains constant with height before becoming negligible above 200 m. The urban 6
profile is relatively flat up to 200 m, suggesting near-neutral stratification, while the rural site exhibits an increase in # with height
with a small gradient(> 1 °C/100 m), consistent with the development of stable stratification. Fig. 12d shows the max-HW day for
the NF-245 case. Near the surface, the urban location exhibits a T up to 7 °C higher than the rural, indicating a strong UHI effect.
This temperature difference rapidly diminish with height, becomes negligible at ~ 100 m, suggesting that the UHI is intensified but
also more shallow compared to pre-HW conditions. The urban 6 profile is relatively flat, connected to weakly stable conditions.
Conversely, the rural profile shows a steep gradient in 6 (5°C/100 m), typical of strongly stable stratification. Compared to the
pre-HW case, the near-surface layer appears more stably stratified over the rural area, which leads to a vertically confined positive
UHI during HW conditions.

Fig. 14 shows the vertical profiles of temperature T and potential temperature ¢ in the evening (20:00 UTC) at Bologna
Idrografico (urban) and Mezzolara (rural) weather stations for pre-HW and HW days for far-future cases FF-585 and FF-245.

Fig. 14a shows the pre-HW day for the FF-585 case. Near the surface, the urban site is 5 °C warmer than the rural, then T
difference gradually decreases with height and becomes negligible at ~ 200 m, where the positive UHI is limited. Over the urban
site, 6 remains constant, while the rural profile shows an increasing 6 with height at a rate of ~ 1.5 °C/100 m for the first 200 m,
signature of stable stratification. Fig. 14b shows the max-HW day for the FF-585 case. Compared to the pre-HW situation, the
urban-rural T contrast near the surface is exacerbated, with differences of 7 °C, indicating a stronger UHI effect. This T difference
sharply decreases with height up to ~ 120 m, indicating that the positive UHI effect is enhanced in intensity but reduced in vertical
depth compared to pre-HW conditions. The urban @ profile shows a nearly neutral layer, and the rural profile exhibits a more stable
vertical gradient in the first 100 m, with @ increasing by about 5.5 °C/100 m. Fig. 14c shows pre-HW day for FF-245 case. This
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Fig. 14. Evening vertical profile of T and ¢ for urban Bologna Idrografico (red and blue) and rural Mezzolara (green and cyan) locations for
pre-HW (@) and max-HW (b) days for case FF-585, and for pre-HW (c) and max-HW (d) days for case FF-245.

case exhibits relatively low T, with the urban area not exceeding 26 °C and the rural one impacted by about 22 °C, indicating a
UHI intensity of about 3.5-4 °C which decrease up to ~ 270 m. Urban 6 profile is constant throughout the column, while the rural
profile shows a 6 gradient (1°C/100 m) up to 300 m height, consistent with the onset of a stable layer. Fig. 14d shows the max-HW
day for the FF-245 case. Surface temperatures are significantly higher than pre-HW, with the urban site reaching nearly 33 °C and
the rural site about 30 °C, indicating an UHI intensity of approximately 3 °C and a vertical extension of 100 m. The urban 6 profile
appears constant with height, while the rural displays a sharp increase in the first 100 m, denoting the formation of a stable layer
as the surface cools more efficiently. Compared to the pre-HW period, the thermal structure here reflects intensified urban-rural
contrast, with a more pronounced and vertically confined UHI.

A comparison between the REF case (see Section 3.1.2) and future scenarios reveals consistent structural features of the thermal
vertical profiles, along with notable variations in intensity and vertical extent across time horizons and emission pathways. In all
cases, urban sites exhibit higher near-surface temperatures than rural sites, confirming a persistent positive UHI effect. However,
its magnitude and vertical reach vary. Under REF conditions, the UHI reaches 2-3 °C near the surface and fades above ~ 250 m. In
near-future scenarios, the UHI is generally more intense (up to 4 °C in NF-585 and 7 °C in NF-245 during HW events) but becomes
vertically shallower, often confined below 100-140 m, indicating a more concentrated but limited UHI under warming scenarios. A
similar pattern is observed in the far future: FF-585 shows peak differences of 7 °C during HW, yet the thermal contrast vanishes by
~ 120 m; FF-245, despite lower absolute temperatures, also displays a shallow but clear UHI (up to 3.5-4 °C), extending up to ~ 270
m pre-HW and reducing to less than 100 m during HW. Across all SSPs, urban 6 profiles consistently suggest neutral or weakly
stable stratification, indicating enhanced mechanical turbulence and efficient vertical mixing over built areas. In contrast, rural
profiles generally exhibit increasing potential temperature with height, signaling stable nocturnal conditions intensified under HW
events. These contrasting stability regimes have relevant implications for pollutant dispersion: urban areas, despite stronger heating,
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may experience more efficient dilution of near-surface pollutants during daytime due to enhanced mixing, whereas rural zones —
especially under stable night-time conditions — are more prone to pollutant accumulation and reduced ventilation. During HWs,
the overall shallowing of the mixed layer in both environments can further limit dispersion and exacerbate air quality deterioration.
Notably, the strongest stratification and shallowest UHI layers occur during HWs in both near and far future, pointing to a compound
and synergistic effect of urban heating and rural cooling. Comparing SSPs, the 585 pathway consistently leads to higher surface
temperatures and stronger UHI intensities near the surface compared to the 245 scenarios. However, the depth of the urban neutral
stratification layer remains broadly similar across SSPs. Interestingly, rural areas in SSP245 cases sometimes exhibit steeper stability
gradients, suggesting enhanced nocturnal stratification. Overall, while the urban-rural thermal contrast intensifies under future HW
conditions (especially in SSP585) the vertical extent of the UHI becomes more confined, indicating a shift in its vertical structure
under climate change.

3.4. Brief discussion on practical recommendations for mitigation and adaptation

The contrasting thermal behaviors identified across emission pathways provide useful guidance for climate adaptation strategies.
Under the high-emission SSP585 scenario, prolonged nocturnal heat retention and suppressed night-time cooling suggest that
mitigation should prioritize measures enhancing nocturnal ventilation and radiative heat loss—such as increased urban greenery,
reflective materials, and ventilation corridors (Santamouris, 2014; Irfeey et al., 2023). These interventions are particularly relevant in
dense urban fabrics where heat storage and limited night-time mixing exacerbate thermal discomfort and health risks. In contrast,
under the moderate SSP245 pathway, where diurnal temperature peaks remain the dominant stressor, adaptation efforts should
focus on reducing daytime heat exposure through shading, evaporative cooling, and reflective surfaces (Herath et al., 2018; Fabiani
et al., 2019). Passive cooling strategies — such as tree-lined streets, high-albedo pavements, and water-sensitive urban design —
can significantly reduce surface and air temperatures during peak hours, improving outdoor thermal comfort and reducing energy
demand for cooling. These differentiated strategies highlight that the effectiveness of mitigation measures depends not only on
the urban form but also on the broader climatic forcing associated with each emission pathway (Zhao et al., 2014). Moreover, the
integration of climate-responsive design into urban planning is essential. Studies have shown that interventions at the neighborhood
scale — such as cool roofs, permeable pavements, and strategic tree planting — can reduce urban temperatures and improve thermal
comfort (Taleghani, 2018). Under SSP585, such interventions should be prioritized in areas with high nocturnal heat retention, while
SSP245 scenarios may benefit more from daytime shading and albedo-enhancing materials. The observed stratification regimes
also influence pollutant dispersion dynamics. Under SSP585, nocturnal stability may exacerbate pollutant accumulation near the
surface, especially in densely built areas, necessitating enhanced ventilation strategies and emission control during evening hours.
Conversely, under SSP245 daytime heating may promote vertical mixing but also increase ozone formation, requiring coordinated
mitigation of precursor emissions (Jacob and Winner, 2009). Finally, these thermal patterns have direct implications for public
health. Under SSP585, vulnerable populations — such as the elderly, children or people with pre-existing medical conditions —
may face increased risks due to elevated night-time temperatures and reduced physiological recovery during sleep. In SSP245,
daytime heat stress may disproportionately affect outdoor workers and children, calling for targeted adaptation measures such
as cooling shelters, adjusted work schedules, and public awareness campaigns (Vicedo-Cabrera et al., 2021). Tailoring mitigation
and adaptation strategies to the specific temporal characteristics of thermal stress is therefore crucial for effective urban climate
resilience.

4. Conclusions

The present study examined the three-dimensional urban thermal response of the South-European city of Bologna during
present and future Hot Weather (HW) events, adopting a multi-scale modeling approach. Climate projections were used to identify
representative “hot years” in the near and far future under different emissions scenarios (SSP245 and SSP585). Summer months of
these identified years were then downscaled using the WRF model at medium resolution to detect sub-seasonal hot weather episodes,
which were subsequently simulated at high spatial resolution (0.5 km), incorporating state-of-the-art land use characterization,
topography, and multilayer urban parameterization scheme to capture both horizontal and vertical thermal dynamics across urban
and rural areas.

The evolution of the urban thermal structure under extreme heat conditions reveals robust and consistent features across all
time periods. During HW events, urban areas experience intensified near-surface warming particularly at night, corresponding to a
consistent urban-rural temperature difference of approximately 3-5° C, which highlights the exacerbation of the Urban Heat Island
(UHI) effect under extreme heat conditions. Although a systematic upward shift of the 30 °C isotherm occurs, this warming is
accompanied by a vertical compression of the UHI effect, which becomes shallower under more intense conditions, with its vertical
extent decreasing from approximately 250 m in the present scenario to as low as 100-140 m during future HW events. These
recurrent patterns (i.e. a persisting nocturnal overheating, upward displacement of heat, and reduced vertical extent of the UHI)
suggest a fundamental reconfiguration of the urban boundary layer under climate stress. Compared to the present-day case, future
HW events are characterized by greater thermal persistence and slower post-event recovery, especially in urban areas, highlighting
the thermal inertia of built surfaces. The integrated analysis of horizontal and vertical structure, enabled by the high-resolution
three-dimensional modeling framework, is a key novelty of this work, allowing for a more complete physical understanding of how
extreme heat reshapes urban atmospheric stratification.
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The influence of different emissions scenarios on urban thermal dynamics is substantial and structurally distinct. Under the
high-emission SSP585 pathway, HW events in both near and far future scenarios lead to more intense and prolonged nocturnal
UHLI, greater suppression of night-time cooling, and weaker atmospheric stability, particularly in the far future where high urban
temperatures persist for up to 4-5 days after the end of the HW event, compared to a 1-2 day recovery period in the present
scenario. In contrast, SSP245 results in more moderate and reversible thermal anomalies, with a UHI signal that remains pronounced
but follows a more regular diurnal cycle and returns more rapidly to pre-event conditions. These differences demonstrate that the
choice of emissions pathway affects not only the severity of urban overheating, but also its temporal dynamics, vertical confinement,
and resilience. Particularly in the far future, scenario divergence becomes more evident, confirming that mitigation efforts can
meaningfully limit both the magnitude and the persistence of urban thermal stress.

The outcomes of this study are particularly relevant for historical cities in Southern Europe inland, which are (like Bologna)
located in a region increasingly impacted by extreme heat events and where frequent atmospheric stagnation and weak ventilation
limit nocturnal cooling and amplify heat retention. Future work should extend this study methodology to cities with contrasting
ventilation regimes, such as coastal or mountainous areas, and assess how wind, humidity, and anthropogenic heat emissions
modulate urban responses to extreme heat. Coupling thermal analyses with air quality and public health models would further
support the development of targeted and effective urban adaptation strategies.
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