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 A B S T R A C T

Extreme winds pose a growing threat to critical infrastructure under climate change; yet their 
impact at building scale remains poorly quantified because conventional atmospheric modelling 
approaches do not adequately represent small-scale processes. Here, we develop and apply a 
downscaling numerical methodology that transfers mesoscale atmospheric information to the 
building scale, enabling a physically consistent assessment of the impact of extreme winds. We 
examine a representative high-rise hospital situated in complex terrain and regularly exposed to 
severe windstorms (Bora). The wind dynamics and resulting loads are reproduced numerically, 
first by employing the idealised logarithmic boundary layer model for the incoming flow and 
subsequently by downscaling realistic outputs from a mesoscale meteorological model. The 
mesoscale-informed simulations capture terrain-induced wind structures, including upstream 
recirculation regions and a distinct low-level jet, which are not captured by the logarithmic 
approach. Incorporating mesoscale vertical velocity redistributes momentum and turbulence 
across height, increasing turbulent kinetic energy near the ground while reducing pressure 
coefficients along the windward façade. In contrast, simulations based on idealised inflow 
conditions underestimate both turbulence levels and windward pressure loads. It is shown, for 
the first time for severe windstorms, that considering realistic atmospheric conditions is key to 
more accurately reproducing wind dynamics and atmospheric load at building scale, and flow 
dynamics must be carefully represented in downscaling approaches to avoid biased results. Our 
findings support the incorporation of mesoscale information into engineering assessments of 
critical infrastructure exposed to extreme winds, thereby strengthening the physical basis upon 
which risk and resilience analyses are conducted.

1. Introduction

Extreme weather events have emerged as one of the most significant global challenges of the 21st century (UN, 2020). In the 
context of a changing climate, extreme weather and climate events pose, and will continue to pose, a substantial threat to human 
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lives, ecosystems, and economies. Among these, extreme wind events, such as storms, tropical and extratropical cyclones, have 
increased in frequency by about 40% over the past two decades compared with the period 1980–1999 (UN, 2020). The impact 
of extreme winds on the urban environment is twofold: they endanger pedestrian safety and activity, and cause damage or loss 
of functionality in critical infrastructure systems (Repetto et al., 2018; Pastori and Mazzucchelli, 2023; Avolio et al., 2026). Tall 
buildings are particularly susceptible to wind-induced damage, with significant economic consequences arising both from direct 
structural losses and from the interruption of business activities (Metwally et al., 2025). Among them, hospitals represent a critical 
subset, as their loss of functionality during or after an extreme wind event can severely hinder healthcare delivery and amplify 
cascading socioeconomic impacts across entire regions. Nevertheless, progress in assessing the risks associated with extreme wind 
events and in adapting critical assets to climate change remains at an early stage (EC, 2021; Leal Filho et al., 2024).

An accurate assessment of structural risks at the building scale depends on accurately reproducing local atmospheric conditions 
and the urban boundary layer (Potsis et al., 2023). Mesoscale weather systems greatly affect urban atmospheric dynamics, 
modulating wind speed, direction, and turbulence characteristics across the urban boundary layer. State-of-the-art weather models 
provide useful information at regional and global scales, but do not adequately represent urban-scale phenomena in detail (Garuma, 
2018; Nogueira et al., 2020). Realistic wind estimation at the building scale is complex and challenging, further complicated when 
extreme winds interact with complex topography, where the orography strongly affects the flow. This is because accurate numerical 
modelling of terrain topography, urban morphology, and reproduction of atmospheric dynamics and turbulence are required, all 
of which play a key role in the estimation of wind impacts (Dagnew and Bitsuamlak, 2013). Accurately resolving these interacting 
processes requires a multiscale modelling framework in which atmospheric information is progressively downscaled from mesoscale 
to building-scale simulations.

Mesoscale numerical weather prediction (NWP) dynamically downscale atmospheric data and reproduce the influence of terrain 
and surface heterogeneity at kilometre-scale resolutions (Dudhia, 2014). Traditionally, the buildings in these models are represented 
by roughness lengths or parametrised by urban canopy models (Jandaghian and Berardi, 2020). Computational Fluid Dynamics 
(CFD) models have been proven to be a valuable tool for studying the wind velocity and pressure fields around buildings, providing 
information for the entire flow field and all relevant variables (Blocken, 2014; Toparlar et al., 2017), but also to simulate extreme 
meteorological events (Cintolesi et al., 2026). In contrast to mesoscale NWP models, the ability of CFD models to directly resolve 
the roughness sublayer, i.e. the atmospheric layer between the ground and about two to five times the building height, and the 
urban canopy layer, i.e. the layer extending from the ground to the roof level where most human activities take place, has made 
them indispensable for urban physics studies (Oke et al., 2017).

The incorporation of mesoscale meteorological data into building-scale simulation has been explored in the past two decades 
(Yamada and Koike, 2011), demonstrating its advantages in capturing wind circulation patterns with greater accuracy compared to 
stand-alone CFD models in urban environments. Although there is still a lack of best-practice guidelines and standard procedures for 
transferring mesoscale information at the microscale (Ricci et al., 2022), such methodologies have been applied in various contexts, 
including the dispersion of pollutants (Tewari et al., 2010; Miao et al., 2013; Zheng et al., 2015), wind resource assessment (Durán 
et al., 2020; Castorrini et al., 2021, 2023), and the evaluation of pedestrian-level wind comfort (Huang et al., 2023). In addition, few 
studies have used meso-microscale coupling to assess wind dynamics in complex terrains, where orographic influences can generate 
spatially variable flow structures, including gust fronts, vertical motions, channelled flows, and local recirculation areas (Fernando, 
2010; Bilal et al., 2016; Castorrini et al., 2021; Yue et al., 2024; He et al., 2025). Despite the valuable insights provided by the 
existing range of studies, there is a clear gap in accounting for the influence of mesoscale meteorological systems under extreme 
weather conditions.

Extreme wind events, although often short-lived and localised, can produce peak wind loads and complex wind and turbulence 
structures that cannot be accurately captured by ad hoc boundary-layer models that are typically used as inflow conditions in 
building-scale studies, such as the logarithmic wind profile (Richards and Hoxey, 1993; Richards and Norris, 2011). Recently, some 
effort has been made to leverage meteorological information to study the flow field, wind load, and hazards that occur around 
buildings during an extreme wind event. Zhao et al. (2023) and Huang et al. (2024) coupled the Weather Research and Forecasting 
(WRF) model with Reynolds-Averaged Navier–Stokes (RANS) and Large-Eddy Simulation (LES) models, respectively, to assess the 
impact of typhoons on pedestrian-level wind environment and wind-induced vibrations on tall buildings in Hong Kong, while Kim 
et al. (2025) incorporated meteorological fields of a typhoon in South Korea into the Parallelised Large-Eddy Simulation Model 
(PALM) appraising the effects of building height on pedestrian-level wind. For a typhoon in Shanghai, Yang et al. (2025) coupled 
WRF with PALM to simulate an urban neighbourhood under extreme wind, showcasing that building area fraction is strongly 
correlated with pedestrian distress. Together, these studies indicate that most of the existing literature has focused on tropical 
cyclones, particularly typhoons, which are among the most common extreme wind events in East and Southeast Asia. However, 
there is a clear gap in studies that assess the impact of other types of extreme wind on urban areas, such as downslope windstorms, 
which are typical in areas located on the lee side of mountains. In addition, little attention has been given to how mesoscale vertical 
velocities influence building-scale predictions of wind loading and turbulence, even though such vertical motions are a defining 
feature of many storm systems.

One of the most characteristic windstorms in Europe is the Bora, a gusty northeasterly wind that blows along the eastern coast 
of the Adriatic Sea and that frequently reaches hurricane strength, with hourly mean wind speeds exceeding 20 m/s and gusts up to 
70 m/s (Belušić et al., 2007; Boldrin et al., 2009; Grisogono and Belušić, 2009; Beg Paklar et al., 2001). The Bora is characterised 
by strong low-level jets and mountain-wave breaking that often leads to hydraulic jumps, generating intense shear layers, flow 
separation, recirculation regions, and highly heterogeneous near-ground wind fields. Similar windstorms are observed in other 
mountainous areas worldwide, e.g. the Front Range of the Rocky Mountains and the western slopes of the Andes (Grisogono and 
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Fig. 1. (a) An overview of the Cattinara hospital located downwind of the Karst Plateau from where the Bora wind usually blows. (b) Average 
wind speed and maximum gusts during the extreme Bora wind event in February 2012, as measured upwind of the hospital at an elevation of 
about 5 m above ground. (c) Wind rose for a 5-year period 2009–2013.

Belušić, 2009). These phenomena share key physical mechanisms: strong pressure gradients, mountain-wave breaking, and turbulent 
downslope jets. The Adriatic Bora, however, represents an ideal case for studying these processes due to its proximity to urbanised 
coastal regions and its extensive observational record, spanning more than a century (Mohorovičić, 1889). Previous studies have 
examined its seasonality and gust statistics (Enger and Grisogono, 1998; Heimann, 2001), driving mechanisms (Klemp and Durran, 
1987; Smith, 1987), and mesoscale structure (Večenaj et al., 2010; Davolio et al., 2015; Belušić Vozila et al., 2024). Microscale 
investigations have focused on near-surface velocity profiles and turbulent fluxes (Lepri et al., 2014; Babić et al., 2016; Wang et al., 
2025), their effects on vehicles and wind barriers (Kozmar et al., 2012b,a), and the influence of orography on turbulent dynamics 
(Golem and Večenaj, 2023). However, the impact of such windstorms on single buildings, particularly critical assets such as hospitals, 
remains largely unexplored. Key questions remain: how do windstorms, through their interaction with complex topography, modify 
the local flow field around structures, and what are the resulting wind loads on critical infrastructure? Addressing these questions 
is crucial for improving predictive capabilities and enhancing resilience as extreme weather events intensify under climate change 
(Seneviratne et al., 2021).

In this study, a multiscale numerical methodology is introduced to downscale mesoscale meteorological data from an extreme 
wind event to the building scale. The novelty of this work lies in the application of a WRF-OpenFOAM modelling approach to a 
severe Bora windstorm affecting a high-rise hospital building in complex terrain, demonstrating for the first time how mesoscale 
atmospheric structures associated with a Bora event can propagate to the building scale and influence local flow patterns, turbulence 
characteristics, and aerodynamic loading. The proposed methodology is generalisable to other extreme wind types and geographic 
contexts, offering a systematic pathway for integrating mesoscale atmospheric dynamics into building-scale engineering assessments, 
thereby strengthening the physical basis upon which risk and resilience analyses are conducted. Specifically, the objectives are to: 
(a) develop and apply a downscaling methodology that enables the use of mesoscale meteorological data in microscale numerical 
modelling, (b) evaluate its performance against conventional approaches that employ idealised logarithmic inflow profiles, and (c) 
quantify the influence of realistic extreme wind conditions on flow behaviour and atmospheric loading.

2. Problem definition and simulation approach

2.1. Case study description

Trieste is a coastal city in northeastern Italy located between the Adriatic Sea and the Karst Plateau, where Bora winds are 
strongly influenced by the complex terrain. The study focuses on the Cattinara Hospital complex, located on an elevated site on the 
outskirts of the city and comprising several high-rise buildings, including two 54 m twin towers (Fig.  1a). Owing to its exposure to 
severe Bora winds and its role as critical healthcare infrastructure, the hospital is a relevant case study for assessing the impacts of 
extreme winds on complex urban environments.

According to previous studies (Beg Paklar et al., 2001; Dorman et al., 2006; Alpers et al., 2009; Boldrin et al., 2009; Raicich et al., 
2013; Davolio et al., 2015) and historical records from three local weather stations operated by the Environmental Agency of the 
Friuli-Venezia Giulia region (ARPA FVG), the most severe Bora wind event of the past 35 years occurred in February 2012. During 
this 12-day episode, wind speeds in Trieste reached up to 47 m/s (170 km/h). Fig.  1b presents the hourly wind speed and maximum 
gusts measured during the event upwind of the Cattinara hospital at about 5 m above ground, highlighting that the peak intensities 
occurred on 10–11 February. These two days are selected as the reference period for subsequent numerical simulations, representing 
the most extreme and sustained Bora conditions observed in recent decades. The 5-year wind rose (2009–2013) reported in Fig.  1c 
confirms the Bora as the dominant wind in the region, occurring approximately 25% of the time and predominantly blowing from 
the east-northeast (67.5◦). Accordingly, the present study focuses on the dominant E–NE Bora sector associated with the analysed 
extreme event, as this represents the prevailing wind affecting the hospital site.
3 
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Fig. 2. (a) The four nested domains of the mesoscale simulation. 𝑑01: green, 9 km horizontal resolution, 𝑑02: blue, 3 km horizontal resolution, 
𝑑03: black, 1 km horizontal resolution, 𝑑04: red, 333 m horizontal resolution. (b) Terrain orography and location of local weather stations in the 
innermost 𝑑03 domain. Weather stations depicted in black only record temperature and relative humidity.

2.2. Multiscale numerical methodology

The methodology to effectively downscale mesoscale weather information of an extreme Bora wind event, to provide realistic 
boundary conditions for subsequent building-scale simulations, consists of three main steps: (a) ERA5 reanalysis data – the state 
of the art in terms of the representation of the climate of the past (Hersbach et al., 2020) – are collected for the duration of the 
particularly severe 2012 Bora wind event. These data come with a horizontal resolution of about 25 km at mid-latitudes, and are thus 
not suitable for passing information down to the building scale (resolution of 1 m); (b) The WRF model 4.5.1 (Skamarock et al., 
2019) is used to dynamically downscale the ERA5 data to a horizontal resolution of 333 m. Initialisation profiles are extracted 
from WRF simulations upwind of the inlet boundary of the CFD computational domain; (c) These profiles are then used as inflow 
conditions for a series of RANS simulations around the Cattinara hospital. It should be noted that although a historical extreme 
wind event is downscaled here, the same approach can be expanded to a climate perspective, i.e applying the same methodology 
to climatic projections downscaled using WRF.

It is worth noting here a few words about the non-logarithmic profile of the Bora wind that is passed on for RANS simulations. The 
RANS model reproduces numerically the wind dynamics by resolving the primitive equations of motion, avoiding use of empirical 
parametrisation and case-specific settings. Hence, the model needs only averaged dynamical quantities as boundary conditions, 
subsequently developing the local physical processes and wind dynamics on the basis of the local topography and urban morphology. 
Because of this generality of the small-scale model, RANS has no issues with consistency or agreement with a non-logarithmic 
inflow profile. Information regarding mesoscale dynamics is taken into account by WRF and incorporated into the simulation via 
the boundary conditions.

2.3. Mesoscale simulations setup

The selected Bora event occurred during February 2012 under strong synoptic-scale pressure gradients between central Europe 
and the Adriatic region, generating persistent E-NE downslope flow over the Karst Plateau and the Gulf of Trieste.

The WRF simulations are initialised at midnight on 10 February 2012 using the 38 vertical levels of ERA5, and are carried out 
with 64 vertical levels, the lowest of which is approximately 5 m above ground level (𝐴𝐺𝐿). The same model configuration was 
recently used to simulate a convective windstorm in the city of Milan, Italy (De Martin et al., 2025). The sensitivity to the choice 
of the lowest model level is assessed by comparing with a higher vertical level of 10 m 𝐴𝐺𝐿 (as seen in Table  A.1).

Four one-way nested simulations are carried out to dynamically downscale the ERA5 data to a sub-km resolution, with a grid 
spacing of 9 km, 3 km, 1 km and 333 m, respectively, and 300 × 300 grid points each (Fig.  2a). The orientation of the simulation 
domains is slightly shifted eastward with respect to the Cattinara hospital, as the Bora wind predominantly blows from east-northeast, 
to allow WRF to accurately reproduce the wind dynamics (Fig.  2b). The Planetary Boundary Layer (PBL) is parametrised with the 
Mellor–Yamada–Yanjic scheme (MYJ, Mellor and Yamada, 1982; Janjić, 1994); the Thompson scheme is used for microphysics 
processes (Thompson et al., 2008); the rapid radiative transfer model (RRTM, Mlawer et al., 1997) is used for long-wave radiation 
and the Dudhia scheme (Dudhia, 1989) for short-wave radiation; Noah is used as the land surface model (Mukul Tewari et al., 
2004). The setup of the physical parametrisation suite is chosen based on the performance of different model configurations against 
data from 11 ground weather stations obtained from ARPA FVG (Fig.  2b) for 10 and 11 February 2012. The validation procedure 
is shown in Appendix.
4 
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Fig. 3. (a) Wind field in the innermost 𝑑04 domain (see 2b) at 05:00 on 11 February 2012. The black box denotes the CFD domain, the red dot 
the location of the Cattinara hospital, whilst the black dots show the location of the five grid points used to initialise the CFD simulation. (b) Time 
series of wind speed throughout the simulation for the innermost 𝑑04 domain, with 0 being the start of the simulation at 00:00 on 10 February 
2012. The vertical lines highlight the averaging period for the generation of the initialisation profiles for the subsequent CFD simulations. (c) 
Same as (b) but for the wind direction.

2.4. Inflow profiles for building-scale simulations

For the generation of a realistic inflow conditions representative of the Bora flow approaching the CFD domain, five neighbouring 
grid points are sampled in the innermost domain 𝑑04 on the relatively flat Karst Plateau upstream of the hospital site (Fig.  3a). The 
use of multiple points allows a more spatially representative characterisation of the incoming mesoscale flow. The time evolution 
of the wind speed and direction in these five points is studied to select the peak intensity of the Bora, as well as a period of almost 
stationarity of the flow in order to avoid transition phases. A two-hour window, between 03:00 and 05:00 on 11 February 2012, is 
selected (Fig.  3b, c). For each selected grid point, vertical profiles of velocity and turbulence quantities are extracted from the WRF 
simulations over the selected two-hour period. These profiles are subsequently averaged both temporally and spatially across the 
five points to generate representative inlet profiles for the CFD simulations.

It should be noted here that although the Bora wind is characterised by strong turbulence and intermittent gusts, it is known to 
be associated with sustained synoptic forcing and persistent downslope flow structures that can remain relatively stationary over 
several hours (Belušić Vozila et al., 2024; Grisogono and Belušić, 2009). The present study therefore focuses on reproducing the 
quasi-stationary mean atmospheric structure of a Bora event, which coincides with its peak phase, rather than its instantaneous gust 
dynamics.

Some features of the computed inlet wind profile need further attention. The CFD simulations require a vertical profile of 
turbulent kinetic energy (TKE) as an input variable. From a mesoscale point of view, the TKE is the sum of the resolved (TKE ) 
RES
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and parametrised part (TKEPAR) by the turbulence scheme. TKERES is calculated directly from the model output, for each time step, 
and then averaged temporally over 20 min, as in Zonato et al. (2022). It is computed as TKERES = 1

2 𝑢
′
𝑖𝑢

′
𝑖 , where 𝑢𝑖 are the velocity 

components (𝑖 = 1, 2, 3), the overbar denotes the 20-minute time average, and the velocity fluctuation is computed as 𝑢′𝑖 = 𝑢𝑖 − 𝑢𝑖.
TKEPAR is calculated by the MYJ scheme, using a 1.5-order closure (Mellor and Yamada, 1982): 

𝐷TKEPAR
𝐷𝑡

= 𝜕
𝜕𝑧

[

𝑆𝓁
√

2TKEPAR
𝜕TKEPAR

𝜕𝑧

]

−𝑤′𝑢′ 𝜕𝑈
𝜕𝑧

−𝑤′𝑣′ 𝜕𝑉
𝜕𝑧

+
𝑔
𝜃
𝑤′𝜃′ − 𝜀. (1)

where 𝓁 is the diagnostic mixing length scale, 𝑆 is a dimensionless constant equal to 0.2, 𝑤′𝑢′ and 𝑤′𝑣′ are the parametrised 
mechanical production terms, 𝑤′𝜃′ is the parametrised thermal production, 𝑈 and 𝑉  are the mean horizontal wind components of 
the flow, 𝑔 is gravitational acceleration and 𝜃 is the potential temperature. Lastly, 𝜀 is the turbulent dissipation coefficient computed 
as: 

𝜀 =
TKE3∕2PAR
𝐵1 𝓁

, (2)

where 𝐵1 ≈ 1.878 is a dimensionless closure constant.

2.5. Building-scale simulations

The mesoscale simulations described in the previous sections provide realistic inflow conditions for the extreme wind event but 
do not explicitly capture flow interactions with individual buildings. A higher-resolution CFD model resolving the urban geometry 
is adopted to investigate the flow at the building scale.

2.5.1. Mathematical model and numerical approach
The ambient fluid is dry air, modelled as an incompressible, viscous Newtonian fluid. The flow is governed by the incompressible 

Navier–Stokes equations:
𝜕𝑢𝑗
𝜕𝑥𝑗

= 0, (3)

𝜕𝑢𝑖
𝜕𝑡

+ 𝑢𝑗
𝜕𝑢𝑖
𝜕𝑥𝑗

= − 1
𝜌0

𝜕𝑝
𝜕𝑥𝑖

+ 𝜈
𝜕2𝑢𝑖
𝜕𝑥𝑗𝑥𝑗

, (4)

where 𝑢𝑖 is the velocity component (m/s) in the 𝑥𝑖 direction, 𝑝 is pressure (Pa), 𝜌0 is the reference density of the dry air (kg/m3) 
and 𝜈 is the kinematic viscosity (m2/s).

The simulations employ a RANS approach to describe the stationary flow by averaging in time the equations of motion (Pope, 
2013). The standard 𝑘 − 𝜀 turbulence model is employed to simulate the turbulent characteristics of the flow and close the system 
(Launder and Spalding, 1974). Such a model is well-suited for capturing the effects of turbulent viscosity and dissipation of kinetic 
energy in complex airflow scenarios, and it has been widely employed for aerodynamic simulations around buildings. For the sake 
of conciseness, its formulation is not reported here.

The simulations are performed using the open-source code OpenFOAM (ESI-OpenCFD, 2020), adapting the model described in 
Ampatzidis et al. (2022, 2024). This model has been extensively validated against wind tunnel experiments and shown to accurately 
reproduce steady-state atmospheric flow fields around single- and multi-building configurations. As the present work adopts the same 
CFD modelling approach, additional validation is not repeated here. All spatial discretisation schemes are second-order accurate; 
central differencing is employed for the velocity field, while bounded second-order schemes are used for the turbulent kinetic energy 
and dissipation rate to ensure numerical stability. Convergence is assessed by monitoring residuals and by tracking the temporal 
evolution of velocity at selected probe locations within the domain.

2.5.2. Computational domain
The computational mesh integrates topographic and building morphology data. Geographic data is provided by the Friuli-Venezia 

Giulia Region Geographic Resource System and pre-processed with QGIS (QGIS Development Team, 2024). The terrain data are 
converted to a stereolithography file format with an overall resolution of 1 m near the building structure, and all buildings are 
georeferenced. Smoothing techniques are applied to the terrain data to facilitate meshing.

The computational domain is designed to encompass significant topological features. It is orientated towards the E-NE direction 
as per the dominant Bora wind direction. The domain boundaries are set up following existing guidelines (Franke et al., 2007; 
Tominaga et al., 2008; Blocken, 2015). The area of interest (AoI) encompasses the buildings that comprise the hospital complex. 
The inlet boundary is placed at 1100 m upwind of the AoI – almost 20 times the hospital height (𝐻=54 m) – ensuring coverage of 
the Karst plateau, a relatively flat region, from where the Bora winds blow. Had the inlet boundary been placed at a closer distance, 
i.e. where the terrain elevation changes and the slope begins, it could have introduced artificial acceleration effects at the domain 
entrance, distorted turbulence structures, and numerical instabilities in the simulated flow field. The selected inlet location, therefore, 
ensures that the incoming Bora flow develops naturally over a relatively flat terrain before reaching the downslope. Similarly, the 
outlet boundary is placed 700 m from the AoI (> 10𝐻) with an additional 200 m buffer to allow flow development and minimise 
the impact of the outlet boundary on the AoI. The lateral boundaries are placed 600 m from the AoI with an additional 300 m 
buffer on both sides to ensure minimal impact and a blockage ratio lower than 3% (Blocken, 2015). The domain extends vertically 
6 
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Fig. 4. (a) An overview of the generated complex terrain, the AoI (in red), and the outline and orientation of the computational domain. (b) A 
geometrical representation of the explicitly modelled buildings, including the Cattinara hospital in orange.

to 850 m (> 15𝐻), a height necessary to capture the complex flow dynamics above the terrain and buildings, and to accommodate 
the significant elevation changes—about 220 m from inlet to outlet.

According to Franke et al. (2007), a building with height 𝐻𝑛 has minimal influence on flow dynamics within the AoI if the 
distance from it is greater than 10𝐻𝑛. More recent studies have come up with new suggestions: Liu et al. (2018) propose to include 
buildings within a radius of three times the maximum dimension of the target building, while Zheng et al. (2021) introduced a 
more comprehensive approach estimating the surrounding region depending on the target building height and building density. 
For this study, the former gives a radius of 465 m, as the length of the main hospital complex is approximately 155 m, while 
according to the latter method and with a local building density of 20%, the estimated radius comes to 9𝐻 = 486 m. Therefore, 
all buildings within a radius of 500 m are explicitly modelled. Nonetheless, as those suggestions mostly refer to cases with a flat 
ground surface, we have chosen to adopt a more conservative radius of 850 m (> 15𝐻) to account for the impact of terrain-induced 
flow modification and potential upstream building interactions under the Bora flow. In this expanded radius, though, we have not 
explicitly modelled buildings located at considerably lower elevations relative to the hospital, particularly those outside the primary 
Bora flow sector and separated by terrain shielding, as their aerodynamic influence on the local flow field around the hospital is 
expected to be negligible compared with the dominant terrain-driven Bora structures. An overview of the generated complex terrain 
and the computational domain with respect to the local topography is presented in Fig.  4.

2.5.3. Case studies and boundary conditions
To appraise the impact of inflow conditions on the flow structure and atmospheric load on the Cattinara Hospital under the 

dominant E–NE Bora wind direction associated with the selected extreme event, two cases are considered: (a) a case using idealised 
logarithmic profiles for atmospheric flows, and (b) a case using realistic profiles derived from the downscaled mesoscale simulations. 
To ensure comparability between the two cases, the idealised profiles are generated using the velocity and height of the first cell 
of the realistic case as the reference velocity and the reference height, respectively. Consequently, the two cases differ only in their 
inflow profiles for velocity, TKE, and dissipation rate. The inflow profiles for the mesoscale-informed case are detailed in Section 3.2.

The idealised inflow profiles for velocity, TKE, and dissipation rate are those proposed by Richards and Hoxey (1993) and later 
revisited by Richards and Norris (2011) for a neutral atmospheric boundary layer: 

𝑈 (𝑧) =
𝑢∗𝐴𝐵𝐿
𝜅

ln
(

𝑧 + 𝑧0
𝑧0

)

, 𝑘(𝑧) =
𝑢∗𝐴𝐵𝐿

2

√

𝐶𝜇
, 𝜀(𝑧) =

𝑢∗𝐴𝐵𝐿
3

𝜅(𝑧 + 𝑧0)
, (5)

where 𝑧 is the vertical direction, 𝑧0 = 0.5 m is the aerodynamic roughness length, 𝑢∗𝐴𝐵𝐿 the friction velocity, 𝐶𝜇 = 0.09 is a model 
constant, and 𝜅 = 0.4 is the von Kármán constant. The friction velocity is estimated at 𝑢∗𝐴𝐵𝐿 = 1.8 m∕s, based on the velocity and 
height of the first vertical cell of the WRF simulations as noted above.

The buildings and ground are modelled as adiabatic while thermal effects are neglected in the simulations. Our assumption is that 
during the extreme Bora wind by the focus on a particularly extreme wind event during winter time where the wind dynamics and 
wind-induced loads are dominated by mechanical forcing rather than by thermal stratification or surface heating effects. Although 
this approach excludes the representation of thermal processes, it is consistent with the aim of isolating the dynamical impact of 
strong winds on the urban flow field and on the resulting loads acting on the hospital structures. At the start of the simulations, 
the air is assumed to be at rest, ensuring that the development of the flow is driven entirely by the imposed inlet conditions. The 
Reynolds number for all cases, calculated using the characteristic length of the average height of the inlet boundary (𝐿𝑟𝑒𝑓 = 511 m), 
is approximately 1.7 × 109, placing the flow within the turbulent regime.

Initial conditions for TKE and 𝜀 are estimated using a specified turbulent intensity 𝐼 and the Prandtl mixing length 𝑙𝑚: 

𝑘𝑖𝑛 =
3 (|𝑢|𝐼)2, 𝜀𝑖𝑛 = 𝐶3∕4

𝜇
𝑘3∕2 , (6)
2 𝑙𝑚
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Table 1
An overview of the simulated CFD cases with a brief description of their inflow conditions.
 Case U W TKE 𝜀  
 Log Eq. (5) None Eq. (5) Eq. (5)  
 WRF-U WRF-informed None WRF-informed WRF-informed 
 WRF-UW WRF-informed WRF-informed WRF-informed WRF-informed 

Fig. 5. Results of the grid independence study for (a) normalised velocity and (b) normalised turbulent kinetic energy values at the location of 
the Cattinara hospital and in the valley upstream of the area of interest.

where |𝑢| is the free-stream flow speed. For an accurate estimation of 𝑙𝑚 and 𝐼 , the upstream flow conditions must be known. 
For external flows of medium to low intensity, 𝐼 can be estimated using a power-law function of the Reynolds number 𝑅𝑒 as 
𝐼 = 0.055𝑅𝑒−0.041. For wall-bounded flows, with a boundary layer thickness 𝛿, the mixing length can be estimated as 𝑙𝑚 = 0.4𝛿, 
where 𝛿 can be, in turn, estimated from the analytical solution of 𝛿∕𝑥 ≈ 0.37𝑅𝑒−1∕5, where 𝑥 is a characteristic length in the 
𝑥-direction. More details can be found in Greenshields and Weller (2022).

At the outlet, a mixed zero-gradient and Dirichlet boundary condition (inletOutlet), based on the flux direction, is set for all 
variables except pressure, for which a uniform fixed value of zero is applied. At the top and lateral boundaries, slip conditions are 
used for all variables, as those boundaries are placed sufficiently far from the AoI. At the walls, wall functions for atmospheric 
boundary layer flows are used: atmNutkWallFunction for the turbulent viscosity—applied to the rough ground away from the AoI;
nutkWallFunction for the turbulent viscosity on the explicitly modelled buildings and ground within the AoI (Blocken et al., 2007);
atmEpsilonWallFunction for 𝜀 and kqRWallFunction for TKE. The aerodynamic roughness length of the terrain is set to 𝑧0 = 0.5, taken 
as representative of the complex terrain and vegetation cover in the vicinity of the inlet (Wieringa, 1992). The average 𝑦+ values 
for buildings and ground for all cases range between 300–400 and 840–1000, respectively, which fall within the limits where the 
logarithmic law of the wall is valid (Blocken et al., 2007). An overview of the simulated cases is presented in Table  1.

2.5.4. Grid independence study and overall simulation approach assessment
A grid independence study is conducted to assess the quality of the selected mesh and to ensure that the simulated variables do 

not depend on grid resolution. Three meshes are analysed: (i) a medium resolution mesh, as described in Section 2.5.2; (ii) a coarse 
mesh with 21 million cells and (iii) a fine mesh with 75.2 million cells. The representative cell lengths ℎ – that is, the average cell 
width estimated as the cube root of cell volume – for the coarse, medium and fine meshes are 0.0469𝐻 , 0.0338𝐻 and 0.0269𝐻 , 
respectively. According to Celik et al. (2008), the relative difference in ℎ between successive mesh levels should exceed 30%, a 
condition met in the present study. The target variables are the streamwise velocity 𝑈 and TKE, which are normalised as 𝑈∕𝑈𝑟𝑒𝑓
and 𝑘∕𝑈2

𝑟𝑒𝑓 , respectively.
Fig.  5 compares the target variables at two representative locations: immediately upwind of the hospital and in the valley 

upstream of the area of interest. Using the Richardson extrapolation, the values for an infinitely refined mesh (ℎ = 0) are estimated 
from the medium and fine meshes. The results indicate oscillatory convergence and show that further mesh refinement beyond the 
medium resolution results in only minimal changes in 𝑈∕𝑈𝐻  and 𝑘∕𝑈2

𝐻 . The values from the medium mesh are not significantly 
different from those extrapolated for ℎ = 0. The errors between the medium and fine meshes are quantified using the Grid 
Convergence Index (GCI) (Roache, 1994, 1997). GCI values at both locations were below 1% for velocity and around 4% for TKE 
(not shown), indicating that the medium mesh provides nearly grid-independent results. Therefore, the medium-resolution mesh is 
adopted for the remainder of this study.

In the present study, the assessment of model accuracy and reliability is carried out at two distinct levels. At the mesoscale 
level, the WRF simulation is validated against observations from 11 meteorological stations during the 2012 Bora event (Appendix), 
providing evidence that the large-scale driving flow is realistically reproduced. At the building scale, a direct validation against 
in-situ measurements is not possible due to the absence of observational datasets for extreme Bora wind conditions within the 
8 
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Fig. 6. (a, b) Geopotential heights at 500 hPa (m, colour shading) and mean sea level pressure (𝑚𝑠𝑙𝑝, hPa, contours) at 00:00 on (a) 10 and 
(b) 11 February 2012; (c, d) Temperature (◦C, colour shading) and geopotential heights (m, contours) at 850 hPa at 00:00 on (c) 10 and (d) 11 
February 2012. Data from WRF outermost domain 𝑑01 (Fig.  2).

Trieste urban area. The reliability of the CFD framework is supported by several complementary factors: the numerical solver has 
been validated against wind tunnel experiments for both single-building and multi-building configurations in our previous work 
(Ampatzidis et al., 2022, 2024), while RANS-based approaches have been widely applied to reproduce the basic dynamical processes 
that characterise a downslope wind like the Bora (e.g. hydraulic jumps, intense shear layers, and terrain-induced recirculation zones). 
In addition, the computational domain and boundary conditions are constructed following established best-practice guidelines, 
while the computational mesh has been subjected to a grid independence analysis. These factors provide confidence in the physical 
consistency and robustness of the simulations.

3. Results and discussion

3.1. Synoptic and mesoscale analysis

Between 10–11 February 2012, an upper-level cut-off low moved westward from eastern Europe towards the central Mediter-
ranean (Fig.  6a, b), accompanied by a cold air mass characterised by widespread temperatures lower than −15 ◦C at 850 hPa (Fig. 
6c, d). The Alpine and Dinaric ridges partially blocked the westward movement of the air mass at the low levels. This peculiar 
baroclinic situation caused the development of an extratropical cyclone over central Italy (Fig.  6b, Buzzi and Tibaldi 1978). The 
surface cyclone moved eastward, causing an abrupt intensification of the pressure gradient over the eastern Adriatic coasts (1005 
hPa over central Italy; 1030 hPa over eastern Slovenia), triggering violent Bora winds in the Adriatic region (Fig.  6b).

The peak intensity of the Bora winds was reached during the night between 10 and 11 February. In Fig.  7, the wind field at 00:00 
on 11 February at different heights is shown, as reproduced by the domain 𝑑03. At 10 m 𝐴𝐺𝐿 the model simulates the strongest 
north-easterly winds over the Adriatic Sea (Fig.  7a), with a pattern of alternate banners of stronger and weaker winds, which is a 
known consequence of the topography of the Dinaric Alps (Grisogono and Belušić, 2009). The relatively weak winds over the land 
downwind to the Dinaric Alps crests are related to the much stronger roughness and drag of the inland terrain with respect to the 
maritime surface.

At 950 hPa, the wind field has some notable differences compared to the wind at 10 m 𝐴𝐺𝐿 (Fig.  7b). The winds are more 
intense over Trieste and the Krk Island, Croatia, with peaks of about 50 m/s. In addition, the wind peaks are shifted from the sea 
surface to the coastal area. Wind channel can be recognised also at this elevation, while a more uniform east flow is present east 
of the mountain ridge (the white colour in Fig.  7b, c denotes terrain higher than the pressure level of 950 hPa).

At 850 hPa, the wind speed is weaker and more uniform than at 950 hPa (Fig.  7c). In this case, the wind peaks are located over 
the mountain crests, and the channels generated by the topography are no longer evident, as the Dinaric Alps have an elevation 
lower than 1400 m (Fig.  2a), roughly corresponding to the 850 hPa level (Fig.  6d). Finally, at 700 hPa, the Bora winds are not 
present any more (Fig.  7d). An easterly flow is blowing eastward of the Dinaric Alps, while a convergence zone between southerly 
winds and weak easterly winds is present over the Istrian peninsula.
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Fig. 7. Wind speed and direction at (a) 10 m 𝐴𝐺𝐿, (b) 950 hPa, (c) 850 hPa and (d) 700 hPa at 00:00 on 11 February 2012. The plotted domain 
is 𝑑03 (see Fig.  2). The line AB in (a) highlights the location of the cross section shown in Fig.  8.

Fig. 8. Cross section AB shown in Fig.  7a: (a) wind speed, (b) square of Brunt–Vaisala frequency at 00:00 on 11 Feb 2012. 

To better understand the generation of the Bora winds, a vertical cross section is assessed in Fig.  8. The wind tangential to the 
cross section is quite uniform between the surface and 3 km 𝐴𝐺𝐿 eastward of the highest Karst peaks (B corner in Fig.  8a), with 
wind speeds lower than 25 m/s. The Karst peaks generate orographic waves that rapidly break downstream, approximately above 
the city of Trieste—note the area with zero to very weak wind between 2–3 km 𝐴𝐺𝐿 over Trieste in Fig.  8a. Thus, as the wind passes 
over the Karst Plateau from ∼ 1.5 km above mean sea level (𝑎𝑚𝑠𝑙), it shifts towards the surface, becoming thinner and stronger. 
Above the Adriatic Sea, the layer with intense winds weakens and a hydraulic jump feature occurs. The layer with intense winds is 
shifted from about 300 m 𝑎𝑚𝑠𝑙 over Trieste to about 1.5 km 𝑎𝑚𝑠𝑙 on the left side of the cross section.

In Fig.  8b, the Brunt–Vaisala frequency, 𝑁2, is plotted along the same cross section together with the tangential wind. 𝑁2 is 
defined as: 

𝑁2 =
𝑔 𝜕𝜃 , (7)

𝜃 𝜕𝑧
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Fig. 9. Vertical profiles of (a) wind speed, (b) wind direction and (d) vertical component of velocity for the five selected grid points (Fig.  3a) 
used to generate the inflow conditions for the subsequent building-scale simulations. Data sampled for the time window between 03:00 and 
05:00 on 11 February 2012. Solid lines are for mean variables, whilst dashed lines denote the 25th and 75th percentiles. The average across the 
five points is shown with a thicker black solid line. The 𝐸 on the 𝑦 axis denotes elevation.

where 𝑔 is the gravitational acceleration, 𝜃 is the potential temperature, and 𝑧 is the vertical coordinate. The positive values of 𝑁2

in Fig.  8(b) highlight the presence of a stable layer that behaves as an upper limit for the Bora wind. This stable layer is located at 
2–3 km 𝑎𝑚𝑠𝑙 before impacting the highest Karst peaks; then it intensifies as it descends at an elevation lower than 1 km 𝑎𝑚𝑠𝑙. The 
stable layer was generated by the continental cold air mass flowing westward (Fig.  6c, d). As shown in previous studies (Durran, 
1986; Klemp and Durran, 1987; Markowski and Richardson, 2011), the presence of a stable layer in the low-levels is the crucial 
feature to generate downslope windstorms. The flow trapped below the stability discontinuity behaves as a hydraulic jump when 
it crosses a mountain, with streamlines that are compressed close to the surface. This dynamic has also been confirmed for the 
Bora winds over Trieste by looking at the results of Fig.  8. The pressure gradient between the cyclone over central Italy and the 
anticyclone over eastern Europe triggers the cold low-level easterly flow. As it interacts with the Dinaric Alps and the Karst plateau, 
the stable layer generated by the low-level cold air mass causes a hydraulic jump feature downstream of the mountains, responsible 
for a downslope windstorm along the Adriatic coasts. During the February 2012 event, the Bora winds were particularly strong due 
to the low-level air mass, which was unusually cold, generating a particularly strong stable layer.

3.2. Derivation of mesoscale-informed inflow conditions

Based on the mesoscale Bora characteristics identified in Section 3.1, representative inflow profiles were extracted from the WRF 
simulations to initialise the building-scale CFD simulations. Fig.  9 shows the generated profiles from the five selected grid points 
in the 𝑑04 domain, including wind speed, wind direction and the vertical component of velocity. A low-level jet profile can be 
observed with maximum wind speed values of 50 m/s at 730 m 𝑎𝑚𝑠𝑙, and near-zero values at 3 km 𝑎𝑚𝑠𝑙 (Fig.  9a). The direction of 
the wind changes slightly southward from 65◦ on the surface to 100◦ at 2 km 𝑎𝑚𝑠𝑙 (Fig.  9b). The jet is associated with a downward 
motion, i.e. negative vertical velocity, that peaks at 930 m 𝑎𝑚𝑠𝑙. The intensity of the downward motion changes slightly among the 
five points, varying between −2.5 and −3.5 m/s. The downward displacement causes the maximum of the wind speed to appear at 
an even lower elevation, about 200 m lower (Durran, 1986). In general, the profiles behave similarly, with small variances in the 
time period considered. Thus, their average is a good proxy for a realistic wind profile to initialise the building-scale simulations.

Fig.  10 presents the turbulent features of the extracted profiles. Close to the ground there is a remarkable mechanical production 
of turbulence because of the interaction of the surface with the intense low-level jet (Fig.  10a, b). Consequently, TKE is very high 
near the surface with maximum values larger than 20 m2/s2 (Fig.  9c). These values are close to those measured recently by Golem 
and Večenaj (2023) in Senj, Croatia. At the height which corresponds to the low-level jet, near-zero TKE values are observed. A 
local secondary maximum appears at ∼ 1.5 km 𝑎𝑚𝑠𝑙 due to the strong vertical gradient of the wind speed just above the jet level. 
Finally, the dissipation of TKE, 𝜀, logically appears higher close to the ground, whereas a secondary maximum is observed at about 
2 km 𝑎𝑚𝑠𝑙 due to the large variance generated by small values of the characteristic length, 𝑙, calculated by WRF (Fig.  9d).

The final profiles used as inflow conditions for the subsequent building-scale simulations are shown in Fig.  11. All variables and 
for all cases are normalised using as a reference velocity, 𝑈𝑟𝑒𝑓 , the velocity at 10 m 𝐴𝐺𝐿. For the normalisation of 𝜀, a reference 
length, 𝐿𝑟𝑒𝑓 , is also used, as the height of the computational domain at the inlet. The impact of considering the mesoscale information 
for the generation of the inflow conditions is immediately evident: higher wind speeds across the entire domain height, a more 
realistic TKE profile – although one should be cautious to interpret the WRF-produced TKE values close to the ground as reality 
– but similar profiles for the TKE dissipation rate. The 𝑊  component of the velocity is considered in the inflow conditions of the 
𝑊𝑅𝐹 − 𝑈𝑊  case only (Table  1).
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Fig. 10. Vertical profiles of (a) streamwise turbulent fluxes (𝑤′𝑢′), (b) vertical turbulent fluxes (𝑤′𝑣′), (c) turbulent kinetic energy (TKE) and 
(d) dissipation rate of TKE (𝜀) for the five selected grid points (Fig.  3a) used to generate the inflow conditions for the subsequent building-scale 
simulations. Data sampled for the time window between 03:00 and 05:00 on 11 February 2012. Solid lines for the average profiles across the 
five points; dashed lines for the 25th and 75th percentiles.

Fig. 11. Inflow vertical profiles of the conducted building-scale simulations. Comparison between the theoretical (Log) and WRF-informed profiles 
(WRF-U|UW) for (a) streamwise velocity (𝑈∕𝑈𝑟𝑒𝑓 ), (b) vertical velocity (𝑊 ∕𝑈𝑟𝑒𝑓 ), (c) turbulent kinetic energy (𝑘∕𝑈 2

𝑟𝑒𝑓 ), and (d) dissipation rate 
of TKE (𝜀𝐿𝑟𝑒𝑓∕𝑈 3

𝑟𝑒𝑓 ). Note that the 𝑊  component of velocity is considered in the inflow conditions for the 𝑊𝑅𝐹 − 𝑈𝑊  case (see Table  1).

3.3. Building-scale simulation results

To facilitate analysis, a structured sampling framework is established as shown in Fig.  12. Four key monitoring points (p1–p4) are 
selected for the comparison between the CFD and the WRF output in vertical lines to capture spatial variability in atmospheric flow 
(Fig.  12a). It is worth clarifying that the WRF results should not be considered a benchmark against which to evaluate the results 
of the CFD simulations; rather, they are presented to compare different model outputs, i.e. a mesoscale model with significant 
turbulence parametrisation and a small-scale model with direct resolution of the dynamic processes. The four points are placed 
in symmetrical positions in the open field in order to avoid disturbances from buildings, as the WRF simulations do not take into 
account explicitly modelled roughness elements. On the windward hospital facade, vertical sampling lines were placed in critical 
locations to evaluate the distribution of the pressure coefficient (Fig.  12b). Horizontal slices (HS1–HS3) are extracted at 20%, 50%, 
and 80% of the height of the building to assess the flow field around the two hospital towers (Fig.  12c). Cross-sectional planes 
(VSX1, VSX2, VSY) are defined to examine the flow structures in the stream and span directions (Fig.  12d).

3.3.1. Assessment of the building-scale simulations
Fig.  13 compares the vertical profiles of normalised streamwise velocity (𝑈∕𝑈𝑟𝑒𝑓 ) and TKE (𝑘∕𝑈2

𝑟𝑒𝑓 ) at four locations (p1–p4), 
illustrating the comparison of the building-scale simulation inflow conditions against the mesoscale WRF results. The 𝐿𝑜𝑔 case does 
not reproduce the wind and turbulence structure observed in the WRF profiles. The WRF-informed cases yield velocity profiles that 
more closely follow the WRF simulation, with 𝑊𝑅𝐹 − 𝑈𝑊  generally providing the best agreement. However, while the velocity 
comparison is meaningful, the interpretation of TKE requires caution. WRF provides partially modelled and partially resolved TKE, 
with grid spacing that is too coarse near the ground to capture the small-scale turbulence generated by the terrain and flow separation 
processes. As such, the WRF-generated TKE profiles should not be regarded as the true reference but rather as the most representative 
estimate of the incoming mesoscale turbulence field available for the analysed Bora event that is used to characterise the CFD 
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Fig. 12. Overview of the CFD sampling strategy: (a) monitoring points for comparing vertical profiles with the WRF output, streamwise and 
spanwise sampling lines; (b) vertical facade sampling lines; (c) horizontal slices at 20%, 50%, and 80% of the hospital height; (d) cross-sectional 
planes.

inflow conditions. This explains why all building-scale cases substantially deviate from the WRF-derived TKE distribution. Overall, 
the analysis highlights the benefit of using WRF-informed inflows to reproduce the mean velocity structure over complex terrain, 
while emphasising the limitations of mesoscale modelling in accurately capturing turbulence statistics. Regarding the latter, we 
acknowledge the greater ability of the CFD models to reproduce the anisotropic nature of near-surface turbulence.

3.3.2. Overall dynamics
Fig.  14 shows contours of velocity magnitude and TKE for the simulated cases in the vertical sampling section 𝑋−𝑀𝑖𝑑. The 𝐿𝑜𝑔

case shows smooth vertical velocity gradients with a clear increase in wind speed with height, but limited evidence of strong shear 
and flow separation, characteristic of Bora events. For the WRF-informed simulations, distinct features emerge. In the 𝑊𝑅𝐹 − 𝑈
case (Fig.  14b), a pronounced decrease in velocity is observed near the inlet and close to the ground, inside and slightly downstream 
of the valley, directly associated with a stronger flow separation and the consequent expansion of the recirculation zones within the 
valley. This effect is a consequence of the increased vertical shear, and thus larger adverse pressure gradient, imposed by the WRF 
profile, which promotes the development of large separation areas when the flow interacts with the change in elevation. Localised 
increases in velocity near the hospital are also present, suggesting that the WRF-informed inflow leads to a larger acceleration of the 
flow as it descends and impinges upon the built environment. A similar but more subdued pattern can be seen in the 𝑊𝑅𝐹 − 𝑈𝑊
case (Fig.  14c), where the inclusion of the vertical velocity component reduces the extent of velocity decreases in the valley, while 
still preserving the increased accelerations near the hospital.

The TKE field complements this interpretation. In the 𝐿𝑜𝑔 case (Fig.  14d), turbulence is distributed more uniformly throughout 
the domain and does not exhibit the pronounced shear layers observed in the WRF-informed simulations. However, both 𝑊𝑅𝐹 −𝑈
and 𝑊𝑅𝐹 −𝑈𝑊  (Fig.  14e, f) exhibit a well-defined shear interface at about 400 m, which marks the height of the Bora jet. Below 
this level, TKE is increased due to enhanced shear production, whereas above it, turbulence is suppressed, reflecting the jet’s ability 
to shield the flow aloft from valley-generated disturbances. This structure is consistent with the classical understanding of Bora 
winds, where a shallow, high-momentum cold jet descends along the terrain. The emergence of this structure demonstrates how 
the mesoscale information embedded in the inflow conditions propagates into the building-scale simulations and influences the 
resulting turbulence field. In the 𝑊𝑅𝐹 −𝑈𝑊  case, an intensified turbulence is observed directly on the hospital building, a feature 
less observed in the 𝑊𝑅𝐹 − 𝑈 case.

Fig.  15 depicts vertical profiles of normalised streamwise velocity and TKE at three selected locations as defined in Fig.  12a: 
within the valley, directly upwind of the hospital complex, and at a location further downwind. In accordance with the results of 
Fig.  14, in the three locations the WRF-informed cases exhibit higher velocities, with the 𝐿𝑜𝑔 case underestimating the circulation 
within the valley predicting near-zero or positive streamwise velocities. The inclusion of the downward motion pushes the jet peak 
to a lower elevation compared to the 𝑊𝑅𝐹 −𝑈 case, resulting in higher turbulence production for 𝑊𝑅𝐹 −𝑈𝑊  below the jet height, 
approximately at 325 m, and thus lower TKE values above that threshold.
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Fig. 13. Comparison between the CFD and WRF vertical profiles of streamwise velocity and TKE at four selected locations within the CFD 
computational domain (see Fig.  12a for the exact location of the monitoring points p1–p4.

Fig. 14. Velocity magnitude and TKE contours for the simulated cases over the 𝑋 −𝑀𝑖𝑑 sampling section (see Fig.  12. Sub-figures (a) and (d) 
depict velocity and TKE contours for the 𝐿𝑜𝑔 case. Sub-figures (b, c) and (e, f) depict velocity and TKE contours of the difference between the 
WRF-informed cases against the 𝐿𝑜𝑔 case. As the 𝐿𝑜𝑔 case shows absolute flow quantities while the WRF-informed ones depict deviations from 
the 𝐿𝑜𝑔 solution, separate colour scales are used to ensure adequate visualisation of the relevant flow structures in each figure.

3.3.3. Wind features around the hospital complex
Fig.  16 depicts velocity and TKE fields over a vertical section in the vicinity of the hospital, revealing marked sensitivities to the 

choice of inflow conditions. In the 𝐿𝑜𝑔 case (Fig.  16a), the velocity field upstream of the hospital displays a gradual vertical shear, 
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Fig. 15. Vertical profiles of normalised streamwise velocity and TKE for the simulated cases at three locations as defined in Fig.  12a.

Fig. 16. Velocity magnitude and TKE contours for the simulated cases over the 𝑉 𝑆𝑋2 sampling section (see Fig.  12. Sub-figures (a) and (d) 
depict velocity and TKE contours for the 𝐿𝑜𝑔 case. Sub-figures (b, c) and (e, f) depict velocity and TKE contours of the difference between the 
WRF-informed cases against the 𝐿𝑜𝑔 case. As the 𝐿𝑜𝑔 case shows absolute flow quantities while the WRF-informed ones depict deviations from 
the 𝐿𝑜𝑔 solution, separate colour scales are used to ensure adequate visualisation of the relevant flow structures in each figure.

with the highest velocities at and above the roof level. The wake region immediately downstream, and behind the two towers, 
is characterised by pronounced recirculation areas extending up to approximately 1.5 building heights on the horizontal level, 
consistent with earlier wind-tunnel investigations of bluff-body aerodynamics in urban environments (Castro and Robins, 1977). In 
the 𝑊𝑅𝐹 − 𝑈 case, reduced velocities are observed in the wake of the building (Fig.  16b). A small region of reduced velocities 
extends leeward of the hospital, where flow stagnation dominates. Inclusion of the vertical velocity component (Fig.  16c) leads to 
an increase in velocity in the immediate vicinity of the building, particularly above roof level. This behaviour reflects the interaction 
between vertical advection and the building-induced flow separation: the downward component of the mesoscale inflow effectively 
pushes down the shear layer, accelerating the recovery of the mean velocity.

The TKE fields further underscore the role of vertical momentum fluxes. In the 𝐿𝑜𝑔 case (Fig.  16d), the high TKE values are 
mainly confined to the separation area at roof level, with limited penetration aloft. In the WRF-informed cases, TKE experiences 
increases at roof level, with larger values present in the 𝑊𝑅𝐹 −𝑈𝑊  case. For the latter, the inclusion of the vertical motion leads 
to a stronger separation and, thus, reduced turbulence production at higher levels. With regard to the WRF-informed cases, this 
spatial heterogeneity in turbulence production and dissipation highlights the non-linear coupling between mesoscale inflows and 
building-scale separation dynamics.

Looking at the lowest horizontal section (𝐻𝑆1) the near-surface dynamics within and around the hospital complex can be assessed 
(Fig.  17). In the 𝐿𝑜𝑔 case (Fig.  17a), the wind accelerates around windward protrusions and through the inter-building passages, 
with clear channelisation along the principal gaps. On the downwind side of the buildings, there are extended recirculation areas 
and corners. The 𝑊𝑅𝐹 − 𝑈 case (Fig.  17b) shows widespread positive velocity changes over much of the plan area at this level. 
Increased velocities are particularly evident across the windward sides of the buildings and in the main inter-building channel; 
small negative patches are localised in the wake of the building. The 𝑊𝑅𝐹 −𝑈𝑊  case shows weaker velocities and more extensive 
negative pockets than the 𝑊𝑅𝐹 − 𝑈 case, indicating that at the 𝐻𝑆1 level, 𝑊𝑅𝐹 − 𝑈𝑊  produces a larger spatial footprint of 
reduced velocities.

In terms of TKE, the 𝐿𝑜𝑔 case (Fig.  17d) peaks where separation is strongest: at the windward part of the hospital complex, at 
building corners and side edges, and within the channel where Venturi-type acceleration creates strong lateral shear. In the wake of 
the buildings, moderate TKE intensities are observed. Both WRF-informed cases lead to generally higher TKE values, albeit with some 
distinct differences between the two cases: the 𝛥TKE response for 𝑊𝑅𝐹 −𝑈 is markedly larger in amplitude than for 𝑊𝑅𝐹 −𝑈𝑊 , 
with pronounced positive anomalies wrapped around windward corners, along passages, and at reattachment areas downstream of 
the main buildings.
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Fig. 17. Velocity magnitude and TKE contours for the simulated cases over the 𝐻𝑆1 horizontal sampling section (see Fig.  12. Sub-figures (a) and 
(d) depict velocity and TKE contours for the 𝐿𝑜𝑔 case. Sub-figures (b, c) and (e, f) depict velocity and TKE contours of the difference between 
the WRF-informed cases against the 𝐿𝑜𝑔 case. As the 𝐿𝑜𝑔 case shows absolute flow quantities while the WRF-informed ones depict deviations 
from the 𝐿𝑜𝑔 solution, separate colour scales are used to ensure adequate visualisation of the relevant flow structures in each figure.

In regard to the higher horizontal slice 𝐻𝑆2, the 𝐿𝑜𝑔 case (Fig.  18a) shows the typical features of flow acceleration around the 
windward corners and along the narrow passage, strong lateral gradients from where flow squeezes between the two main buildings, 
and recirculation regions in the lee of the buildings. Unlike the 𝐻𝑆1 level, the 𝑊𝑅𝐹 − 𝑈 case shows larger areas of negative 𝛥U 
and weaker velocity increases than 𝑊𝑅𝐹 − 𝑈𝑊 , especially within the narrow passage, the lee building edges, and the main wake 
areas, and in broad regions downstream of the hospital complex. Regarding TKE, the 𝐿𝑜𝑔 case exhibits more intense turbulence 
in the windward areas, especially around the sharp corners of the buildings and within the narrow passage. The WRF-informed 
cases present a systematically larger turbulence intensity across the board, but the inclusion of the vertical component of velocity 
increases the vertical transfer of momentum from the mesoscale field and, thus, the impinging flow has more downward momentum 
transport that produces larger TKE changes. Indeed, the 𝑊𝑅𝐹 −𝑈𝑊  case experiences a larger and more spatially extensive positive 
𝛥TKE than the 𝑊𝑅𝐹 − 𝑈 case. Results at the 𝐻𝑆3 plane are similar to 𝐻𝑆2 and, thus, not shown here for brevity.

Overall, the results suggest that the 𝑊𝑅𝐹 −𝑈𝑊  case leads to concentration of mean momentum and shear production at higher 
elevations (𝐻𝑆2) while the immediate layer below (𝐻𝑆1) experiences a relative deceleration or less turbulence production because 
the downward momentum is partly consumed near the roof level. In other words, 𝑊𝑅𝐹 − 𝑈𝑊  injects momentum downwards but 
that momentum is converted into horizontal kinetic energy and turbulent production at higher levels (𝐻𝑆2 and 𝐻𝑆3—results for 
the latter are omitted for simplicity); at 𝐻𝑆1 the result can be broader low-speed areas and reduced TKE compared to the case 
where the 𝑊  component is ignored.

3.3.4. Wind load on buildings
The surface pressure acting on the building is described by pressure coefficients, calculated by normalisation with the velocity 

pressure in the undisturbed approaching wind at the height of the building. For an incompressible flow, the equation reads 
𝐶𝑝 = (𝑃𝑘 − 𝑃𝑘0)∕0.5𝑈2

𝐻 , where 𝑃𝑘 is the kinematic pressure on the building facade, 𝑃𝑘0 is the reference kinematic pressure and 
𝑈𝐻  is the reference velocity at the hospital height. Fig.  19 shows the 𝐶𝑝 profiles in five locations along the windward facade of 
the building complex. The profiles exhibit a typical distribution of 𝐶𝑝 in tall buildings with values increasing with height (Abu-
Zidan et al., 2020). The choice of inflow conditions has a profound influence on facade pressurisation. The 𝐿𝑜𝑔 case systematically 
underpredicts 𝐶𝑝, reaching values of only ∼0.5–0.8 at roof height. In contrast, both WRF-informed cases yield substantially higher 
pressure coefficients, with values between ∼1.0 and 2.3, with the discrepancies compared to the 𝐿𝑜𝑔 case increasing with height. 
Interestingly, systematic differences emerge between 𝑊𝑅𝐹 − 𝑈 and 𝑊𝑅𝐹 − 𝑈𝑊 . In all locations, 𝑊𝑅𝐹 − 𝑈 produces the largest 
facade pressurisation, exceeding 𝑊𝑅𝐹−𝑈𝑊  by up to 10% on average. The inclusion of vertical mesoscale velocity in the 𝑊𝑅𝐹−𝑈𝑊
case reduces 𝐶𝑝, particularly at higher elevations. This behaviour can be explained by the additional downward momentum and 
enhanced vertical mixing introduced by the negative mesoscale 𝑊 , which redistributes streamwise momentum vertically, weakens 
horizontal stagnation, and reduces the pressure on the facade.

The magnitude of these differences is quantified in Fig.  20, which highlights the sensitivity of the predicted facade pressures to 
the imposed inflow conditions. For the front building, the average 𝐶𝑝 of 𝑊𝑅𝐹 − 𝑈 is ∼430% higher than 𝐿𝑜𝑔 and ∼0.1% higher 
than 𝑊𝑅𝐹 − 𝑈𝑊 , while for the back building the differences increase to ∼900% and ∼9%, respectively. These findings highlight 
the importance of mesoscale–microscale coupling: while WRF-informed simulations increase facade loads, the specific treatment of 
vertical momentum fluxes controls the partitioning between horizontal pressurisation and vertical redistribution of kinetic energy.
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Fig. 18. Velocity magnitude and TKE contours for the simulated cases over the 𝐻𝑆2 horizontal sampling section (see Fig.  12). Sub-figures (a) 
and (d) depict velocity and TKE contours for the 𝐿𝑜𝑔 case. Sub-figures (b, c) and (e, f) depict velocity and TKE contours of the difference between 
the WRF-informed cases against the 𝐿𝑜𝑔 case. As the 𝐿𝑜𝑔 case shows absolute flow quantities while the WRF-informed ones depict deviations 
from the 𝐿𝑜𝑔 solution, separate colour scales are used to ensure adequate visualisation of the relevant flow structures in each figure.

Fig. 19. Pressure coefficient (𝐶𝑝) profiles on five selected locations along the windward facades of the hospital complex.

3.4. Future perspectives

The adopted downscaling methodology, which employs steady-state RANS simulations, provides an effective approach to 
reproduce the mean flow characteristics of the peak quasi-stationary phase of the extreme Bora event studied here. RANS simulations 
resolve only the time-averaged flow field and therefore do not capture transient phenomena such as unsteady turbulent motions 
and the temporal evolution of gust structures. This limitation of RANS is consistent with the scope of this work that focuses on how 
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Fig. 20. Average pressure coefficients (𝐶𝑝) for the five selected locations along the windward facades of the hospital complex.

different inflow formulations influence the mean building-scale flow field, turbulence distribution, and atmospheric loading during 
an extreme Bora event.

Resolving the transient turbulent structures and instantaneous gust-induced loads would require higher-fidelity unsteady ap-
proaches such as LES. However, such extensions are not straightforward, as higher-fidelity simulations require physically consistent 
time-dependent turbulent inflow conditions rather than mean atmospheric profiles as those employed here. While WRF-derived 
mean flow quantities can be transferred naturally into a RANS framework, the generation of realistic turbulent inflow fields for 
LES remains an active area of meso-microscale coupling research. The development and validation of such approaches for extreme 
windstorms present a promising direction for future work.

Lastly, the need for field campaigns during extreme wind events has become increasingly important. Observational efforts for 
the characterisation of the atmospheric boundary layer during such events will provide further insight into the real-world impact of 
windstorms on urban infrastructure and support the continued refinement of multiscale methodologies for the analysis of extreme 
winds.

4. Conclusions

In this study, a multiscale numerical methodology is introduced and evaluated to investigate the impact of an extreme wind 
event on a hospital building over complex terrain. By explicitly downscaling weather data obtained from the Weather Research 
and Forecasting (WRF) model and incorporating mesoscale information into building-scale simulations, including both horizontal 
and vertical wind components, key limitations of conventional practice, where idealised logarithmic inflow profiles are typically 
prescribed, were overcome. The approach applied here enables a more physically consistent representation of the inflow and its 
interaction with the complex topography.

The downscaling of weather variables significantly altered the near-surface flow structure. In the valley upstream of the hospital, 
WRF-informed simulations captured enhanced wind recirculation areas, while also exhibiting a well-defined shear interface, marking 
the height of the Bora low-level jet. The logarithmic case could not reproduce these dynamics. The simulations that included the 
vertical velocity component showed larger positive changes in velocity and TKE closer to the ground, demonstrating that mesoscale 
flow information can exert a non-negligible control on the microscale dynamics.

The results demonstrated that mesoscale inflows do not simply increase or decrease turbulence uniformly across the domain 
height but redistribute energy across layers. Analysis at the hospital site revealed that the inclusion of the vertical velocity component 
generally produces higher TKE values below 325 m, while the reverse is true above this level. Regarding pressure coefficients, the 
logarithmic case systematically underestimates windward pressures on the building. Interestingly, we found that the inclusion of 
the mesoscale vertical velocity leads to decreased pressure coefficients – compared to the mesoscale-informed case that includes 
only the streamwise velocity – as it reduces the peak stagnation pressures by redistributing horizontal momentum vertically and 
enhancing mixing.

To the best of our knowledge, this is the first study to explicitly demonstrate, for an extreme windstorm, how mesoscale-informed 
inflow conditions and terrain-induced downdrafts modify microscale wind and turbulence fields, and how these changes affect the 
atmospheric load on buildings. The results illustrate the limitations of traditionally used logarithmic inflow profiles in contexts 
where extreme events and complex terrain dominate flow dynamics.

This type of analysis gains particular relevance in the context of climate change, as growing evidence suggests that the frequency 
and intensity of extreme wind events will increase. Buildings and critical infrastructures must be prepared to withstand the impacts 
of extreme winds, an environmental hazard that has largely been overlooked to date in comparison with other climate-related risks. 
For critical infrastructures such as hospitals, the primary risk is not necessarily structural failure, but rather the loss of functionality 
caused by wind-induced damage to façades, rooftops, technical installations, and access routes. Such disruptions can severely 
compromise emergency response and healthcare delivery. By enabling a more realistic reproduction of wind loads, turbulence levels, 
and flow structures under extreme conditions, numerical approaches such as the one presented here strengthen the physical basis 
upon which risk and resilience assessments are performed.
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Table A.1
Configuration of the WRF simulations, including details on the adopted sub-models and numerical schemes.
 Name PBL scheme Microphysics scheme First vertical level Radiation scheme Land surface model 
 Yon_Tom Yonsei University Thompson 5 m 𝐴𝐺𝐿 RRTMG Noah-MP  
 MYJ_Tom Mellor–Yamada–Janjic Thompson 5 m 𝐴𝐺𝐿 RRTMG Noah-MP  
 MYJ_Tom_vl Mellor–Yamada–Janjic Thompson 10 m 𝐴𝐺𝐿 RRTMG Noah-MP  
 acm2_px ACM2 Thompson 5 m 𝐴𝐺𝐿 RRTMG Pleim-Xiu  
 MYJ_Dou6cl Mellor–Yamada–Janjic WRF 

Double-momentum 
6-class

5 m 𝐴𝐺𝐿 RRTMG Noah-MP  

 MYJ_Tom_rad Mellor–Yamada–Janjic Thompson 5 m 𝐴𝐺𝐿 RRTM-Dudhia Noah  
 Yon_Tom_noah Yonsei University Thompson 5 m 𝐴𝐺𝐿 RRTMG Noah  
 BouLac_Tom Boulac Thompson 5 m 𝐴𝐺𝐿 RRTMG Noah-MP  
 Yon_Tom_rad Yonsei University Thompson 5 m 𝐴𝐺𝐿 RRTM-Dudhia Noah  

CRediT authorship contribution statement

Petros Ampatzidis: Writing – review & editing, Writing – original draft, Visualization, Software, Methodology, Investigation, 
Formal analysis, Conceptualization. Carlo Cintolesi: Writing – review & editing, Supervision, Software, Resources, Methodology, 
Conceptualization. Francesco De Martin: Writing – review & editing, Visualization, Validation, Software, Formal analysis. Andrea 
Petronio: Writing – review & editing, Software, Methodology. Andrea Zonato: Writing – review & editing, Software. Silvana Di 
Sabatino: Writing – review & editing, Supervision, Project administration, Funding acquisition, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared 
to influence the work reported in this paper.

Acknowledgements

This work was supported by the RISKADAPT project, funded by the European Union HORIZON research and innovation 
programme under grant agreement No. 101093939. The authors acknowledge the use of computational resources from the parallel 
computing cluster of the Open Physics Hub at the Department of Physics and Astronomy ‘Augusto Righi’ at the University of Bologna, 
Italy.

Appendix. Validation of the WRF simulations

A sensitivity study is conducted to assess the accuracy of different sets of physical parametrisation suites, as shown in Table  A.1. 
The choice of the tested physical parametrisations was inspired by previous numerical experiments conducted for similar events 
(Park et al., 2022; Cao and Fovell, 2016).

Downslope windstorms are strongly influenced by surface exchanges between the ground and the atmosphere (Cao and Fovell, 
2018), thus four experiments are performed to assess the sensitivity to the PBL scheme: the Yonsei University scheme (Hong et al., 
2006), the Mellor–Yamada–Yanjic (MYJ, Mellor and Yamada, 1982; Janjić, 1994), the Asymmetric Convective Model scheme (ACM2, 
Pleim, 2007) - which requests the Pleim-Xiu land surface model (Pleim, 2006), and the BouLac scheme (Bougeault and Lacarrere, 
1989) are tested. For microphysics processes, two schemes are assessed, namely the Thompson scheme (Thompson et al., 2008) and 
the WRF Double-momentum 6-class scheme (Hong and Lim, 2006). The test on microphysics was conducted because during the 
Bora event there was some precipitation on the upwind side of the Karst plateau. Two land surface models are used: the Noah-MP 
(Niu et al., 2011) with the revised MM5 scheme (Jiménez et al., 2012) for surface physics, and the simple Noah land surface model 
(Mukul Tewari et al., 2004). Two radiation scheme configurations are implemented: one using the rapid radiative transfer model 
for global climate models (RRTMG) scheme for long-wave and short-wave radiation (Iacono et al., 2008), and the other using the 
RRTM (Mlawer et al., 1997) for long-wave radiation, and the Dudhia scheme (Dudhia, 1989) for short-wave radiation.

The results of the innermost domain 𝑑04 are compared with data from 11 ground weather stations obtained from ARPA FVG 
(Fig.  2b). The validation is performed on the Italian side of the domain, i.e. the downwind side of the Bora wind. At the weather 
stations, hourly values of 2 m temperature, 2 m relative humidity, 10 m maximum wind gusts, 10 m instantaneous wind speed, 
and 10 m wind direction are considered. The values are averaged across the 11 locations, whilst the targeted time period is the 
two full days, 10 and 11 February 2012. Three statistical metrics are computed for the averaged values, namely Pearson correlation 
coefficient (𝑟), bias error and Root Mean Square Error (RMSE).

Table  A.2 presents validation results for the 2 m air temperature and relative humidity. Results show that the simulations 
accurately reproduce both variables with small discrepancies from the observed values. More specifically, simulations tend to slightly 
underestimate air temperatures with RMSE values around 1 ◦C, with low biases of less than 1 ◦C and high correlation factors of 
more than 0.6 on average. Regarding relative humidity, RMSE values are lower than 15%, biases are about 10% on average, and 
correlations are about 0.5. Overall, the Yon_Tom_rad simulation demonstrates the best agreement.
19 



P. Ampatzidis et al. Urban Climate 68 (2026) 103052 
Table A.2
WRF validation results against observational data for air temperature and relative humidity. Statistical metrics 
include Pearson correlation coefficient (𝑟), bias and RMSE.
 Model name 2 m temperature 2 m relative humidity
 𝑟 Bias (◦C) RMSE (◦C) 𝑟 Bias (%) RMSE (%) 
 Yon_Tom 0.63 −0.9 1.2 0.51 7.7 9.6  
 MYJ_Tom 0.57 −0.6 1.2 0.47 12.0 13.3  
 MYJ_Tom_vl 0.60 −1.0 1.4 0.45 13.3 14.4  
 acm2_px 0.55 −0.5 1.0 0.56 9.4 10.9  
 MYJ_Dou6cl 0.60 −0.8 1.3 0.48 9.9 11.6  
 MYJ_Tom_rad 0.75 −0.6 1.1 0.46 11.6 13.1  
 Yon_Tom_noah 0.58 −1.1 1.4 0.43 11.7 12.7  
 BouLac_Tom 0.66 0.8 1.1 0.45 4.1 9.1  
 Yon_Tom_rad 0.69 −0.7 1.0 0.52 7.0 9.2  

Table A.3
Validation results of the WRF model against observational data for wind gusts (WG) and wind speed (WS) at 10 m 
𝐴𝐺𝐿. Statistical metrics include Pearson correlation coefficient (𝑟), bias and RMSE.
 Model name Wind gusts Wind speed
 𝑟 Bias (m/s) RMSE (m/s) 𝑟 Bias (m/s) RMSE (m/s) 
 Yon_Tom 0.56 −6.9 8.2 0.48 0.5 3.5  
 MYJ_Tom 0.61 −5.9 7.6 0.49 1.6 3.9  
 MYJ_Tom_vl 0.60 −6.4 7.8 0.49 1.6 4.1  
 acm2_px 0.64 −7.3 8.2 0.54 1.6 3.9  
 MYJ_Dou6cl 0.58 −6.2 7.7 0.44 1.6 4.3  
 MYJ_Tom_rad 0.60 −6.3 8.0 0.49 1.3 4.0  
 Yon_Tom_noah 0.61 −3.9 6.3 0.47 3.0 4.8  
 BouLac_Tom 0.71 −6.8 7.6 0.55 2.7 4.1  
 Yon_Tom_rad 0.58 −6.6 7.9 0.48 0.6 3.6  

Table A.4
Validation results of the WRF model against observational data 
for wind direction (WD) at 10 m 𝐴𝐺𝐿. Statistical metrics include 
Pearson correlation coefficient (𝑟), bias and RMSE.

Wind direction
 Model name 𝑟 Bias (◦) RMSE (◦) 
 Yon_Tom 0.10 8.4 38.1  
 MYJ_Tom 0.20 5.5 27.6  
 MYJ_Tom_vl 0.20 3.1 24.8  
 acm2_px 0.09 4.7 26.9  
 MYJ_Dou6cl 0.20 1.2 24.1  
 MYJ_Tom_rad 0.13 4.9 30.2  
 Yon_Tom_noah 0.15 7.3 34.4  
 BouLac_Tom 0.27 3.7 16.4  
 Yon_Tom_rad 0.11 10.6 41.3  

Tables  A.3 and A.4 present the validation results for the wind variables at 10 m 𝐴𝐺𝐿. Results show that the simulations tend 
to underestimate wind gusts with an average bias of about 6 m/s. This is in agreement with Cao and Fovell (2018), who observed 
similar behaviour when studying a downslope windstorm in the United States; WRF was found unable to resolve the very fast and 
local turbulent characteristics of the wind gusts, causing a systematic underestimation of their magnitude. The model also struggles 
to accurately predict wind direction with quite large RMSE values and low Pearson correlations. This could be attributed to the fact 
that in reality the wind direction changes locally due to the presence of small-scale obstacles, such as buildings or trees, that are 
not considered in the model. However, looking closer to the simulations, the wind reproduction near the Cattinara hospital agrees 
better with the observations, with RMSE values of about 10 ◦C. This implies that a weather station above the hill leads to better 
agreement with the observations because it is more isolated from surface obstacles that can influence the wind direction locally. The 
instantaneous wind speed demonstrates lower RMSE values (about 4 m/s) and biases (about 1 m/s) than the other two variables, 
suggesting that the simulations are overall capable of reproducing the strong Bora wind speeds, which were often above 20 m/s 
near the surface with gusts exceeding 30 m/s.

According to Table  A.3, there is no simulation that outperforms the others. Some simulations exhibit better agreement on wind 
direction (MYJ_Dou6cl), others on wind speed (Yon_Tom_rad) or on maximum wind gusts (Yon_Tom_rad). As the objective of the 
mesoscale simulations is to provide inlet profiles for the subsequent building-scale simulations, the selected model should be able 
to provide the parametrised TKE as an output. The only model offering this possibility is MYJ_Tom_rad, and thus is selected as the 
preferred model for this work—it is also the model that performs best compared to the other PBL schemes that employ MYJ.
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