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Abstract. This study explores how intensified large-scale storm forcing translates into urban-scale wind exposure in a dense

historical urban environment using high-resolution large-eddy simulations (LES) with the PALM-4U model. A realistic representation

of central Copenhagen is subjected to a series of idealised inflow wind conditions with progressively stronger storm scenarios,
ranging from weak to severe wind forcing.

To estimate the influence of mesoscale weather variations due to a change in climatic boundary conditions on the wind field
of the built environment, the study introduces and demonstrates a novel statistical wind flow analysis across horizontal layers
of the computational domain.

As expected from urban canopy theory the results show that the spatial organisation of the flow field remains largely invariant
across all simulations, indicating that urban morphology governs the structure of the wind field, while inflow speed primarily
controls the magnitude of the mean response, but here confirmed qualitatively across a wide range of forcing conditions.

In contrast gust characteristics exhibit strongly wind speed-dependent behaviour. At low inflow wind speeds, gustiness is
strongly enhanced by intermittent and geometry-driven recirculation processes within the urban canopy, resulting in elevated
turbulence intensity and gust factors. At higher inflow wind speeds, both turbulence intensity and gust factors converge toward
quasi-stationary values, indicating a transition to a shear-dominated canopy flow in which gust amplification decreases and
extreme events scale more proportionally with the mean flow.

These findings demonstrate that urban wind hazards under intensified storm conditions cannot be assessed from mean wind
scaling alone, as gust amplification is governed by non-linear interactions between turbulent structures and urban geometry
that are most pronounced at low-to-moderate inflow wind speeds. The study provides a physically based framework for
understanding how changes in inflow wind intensity map to different wind hazard metrics in complex urban environments,

explicitly distinguishing between mean-flow scaling and turbulence-driven amplification of gusts.
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1 Introduction

Over the past decades, increasing attention has been devoted to understanding how human activities influence the global climate
system, (e.g. IPCC, 2021, 2022). While the long-term increase in global mean temperature is well established, significant

uncertainties remain regarding how a warmer climate will influence atmospheric circulation and extreme weather systems.

Extratropical windstorms in the North Atlantic—European sector are governed by the interaction between large-scale atmospheric

circulation, baroclinic development, and transient eddy dynamics (Hoskins and Hodges, 2002; Ulbrich et al., 2009; Catto,
2016; Priestley and Catto, 2022), with storm intensity and structure strongly modulated by both thermodynamic and dynamical

processes (Catto et al., 2019; Biieler and Pfahl, 2017). Recent studies indicate that climate change may intensify mid-latitude

storms, potentially leading to stronger near-surface wind fields over Northern Europe. High-resolution regional climate simulations

of historical extreme events suggest that storms occurring in a warmer climate may exhibit increased wind intensity, longer
duration, and larger spatial extent. For example, simulations of the storm that struck Denmark in December 1999 have shown
that the event could become substantially more intense under warmer climate conditions (@elund et al., 2026; Zeitzen et al.,
2025). Similar findings (e.g. Hawkins et al., 2023; Ermis et al., 2024) have been reported for other extratropical storms,
suggesting that future wind hazards may increase in both magnitude and spatial impact.

While such studies provide valuable insight into large-scale atmospheric processes, they do not resolve the spatial scales
at which wind affects people, buildings, and infrastructure, particularly within cities, where exposure is more concentrated
and consequences most acute. Mesoscale atmospheric models typically operate at grid resolutions ranging from hundreds
of metres to several hundred kilometres, which is considerably larger than the characteristic length scales of urban features
such as buildings, street canyons, and individual obstacles. Consequently, they cannot explicitly resolve the complex flow
interactions that occur within dense urban environments, including flow separation, recirculation, and turbulence generated
by buildings. Instead, urban processes must be parameterised, introducing significant uncertainty in estimates of local wind

exposure (Nazarian et al., 2020).

A long-standing challenge in wind engineering and urban climatology is therefore the scale gap between mesoscale atmospheric

modelling and the microscale flow processes that occur within complex urban environments. Urban morphology significantly
modifies atmospheric flow through channelling, acceleration, recirculation, and wake formation, creating highly heterogeneous
wind fields within cities (Blocken, 2015). Consequently, the relationship between large scale wind forcing and local wind
exposure is not straightforwardly proportional. While spatially averaged mean flow tends to scale roughly linearly with inflow
wind speed, localised gust amplification is strongly mediated by urban geometry and building configuration, showing non-
linearity in the extremes (Fernando, 2010).

Understanding how intensified storm forcing manifests at the human scale therefore requires high-resolution modelling
approaches capable of resolving urban flow structures. Large-eddy simulation (LES) models have emerged as powerful tools
for this purpose, as they explicitly resolve turbulent flow structures and enable detailed representation of the flow patterns
around complex urban geometry (Blocken, 2015; Fernando, 2010; Maronga et al., 2020). When combined with detailed urban

geometry, LES models allow investigation of how background wind forcing interacts with buildings and street networks to
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produce localised wind accelerations and turbulent structures. The LES based urban climate model PALM-4U is a state-of-
the-art modelling framework developed for high-resolution simulations of atmospheric flow in complex urban environments
(Maronga et al., 2020).

The question of how intensified storm forcing translates to local urban wind conditions becomes increasingly relevant in the
context of climate change (Priestley et al., 2024). If extratropical storms intensify in a warmer climate (@Jelund et al., 2026;
Hawkins et al., 2023), enhanced background wind forcing may interact with urban morphology in ways that increase local
wind amplification, particularly through gust enhancement at low to moderate inflow wind speeds, and thereby elevate wind-
related risk. The urban environment translates the approaching wind in different ways into the open space between buildings.
Dense and irregular street patterns generally provide high shelter effects. However, some configurations like singular buildings
elevating significantly above the surrounding development (downwash effect), or wide streets or places narrowing to smaller
passages (funnel effect) can lead to local high wind exposure at pedestrian level.

A key question is therefore whether this amplification acts primarily on mean wind speeds, on gust or differently across the
inflow wind speed range, distinctions with direct implications for wind hazard assessment under future storm conditions.

In this study, the scale gap between large-scale storm forcing and urban wind exposure is explored by investigating the
response of a dense historical urban district in central Copenhagen to progressively intensified background wind forcing. Using
the LES-based urban climate model PALM-4U (Maronga et al., 2020), a high-resolution representation of the area surrounding
Greyfriar Square (Grabrgdretorv) is subjected to a series of idealised inflow scenarios spanning a wide range of wind velocities
and two wind directions, representing potential future storm conditions in a warmer climate. The aim is to quantify how large-
scale inflow wind speed translates into spatially averaged mean flow and extreme near-surface gusts within the urban canopy,
and specifically whether these two quantities scale differently with the inflow forcing. The idealised inflow profiles used here
represent a first step toward the longer-term goal of driving PALM-4U directly with large-scale meteorological model output,
a coupling not yet achieved in the present study.

The study addresses three main questions:

1. How does increasing large-scale wind forcing translate into local wind fields within a dense historical urban environment?

2. Does gust amplification by urban geometry exhibit non-linear dependence on inflow wind speed, and if so, over what

range of wind forcing does this behaviour occur?

3. Do the simulated flow fields exhibit physically consistent behaviour across the full range of storm-strength wind forcing,

and thereby supporting the use of PALM-4U as a tool for urban wind hazard assessment?

By combining physically self-consistent but idealised inflow profiles with detailed urban geometry, the study provides new
insight into how intensified extratropical storm conditions may manifest at the human scale, offering a first step toward a

framework linking large-scale storm intensity to local urban wind hazard.



90

95

https://doi.org/10.5194/egusphere-2026-4081
Preprint. Discussion started: 4 August 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

2 Methodology
2.1 Study area - medieval Copenhagen

The computational domain is built around Greyfriar Square, centred in the historical inner city of Copenhagen (see Figure
1). The street network is very dense and irregular with narrow street canyons and heterogeneous building heights, which
create a highly complex urban morphology. The area includes the square, old historical buildings dating back to 1730’s and
1800’s, the church of the holy ghost (Helligands kirken) and part of the shopping street (Bramsen and Fogtdal, 1997). Dense
and irregular urban environments can strongly modify the incoming atmospheric flow through interactions with buildings and
street networks. Rather than promoting uniform wind channelling, narrow and irregularly oriented streets can lead to complex
flow patterns involving local acceleration, sheltering effects, recirculation zones, and enhanced turbulence. Such environments

therefore provide a suitable test case for investigating localized wind amplification under strong wind conditions.

Europe

Denmark

QC)

Figure 1. Overview of the model domain and sub-domains. The inset map (top left) shows the location within Denmark (left). The main
map (right) shows the model domains over Copenhagen: The horizontal boundaries of the computational domain are illustrated with a grey
square, constituting the parent domain which includes the urban area within the blue circle. The first child domain is marked in yellow, and
the second child domain in green, where most of the analyses were carried out. The red dot in the centre indicates the location of Greyfriar

Square, where virtual measurements were carried out.

2.2 Palm-4U: Model description

Numerical simulations were conducted using the PALM-4U model system, a high-resolution large-eddy simulation framework
designed for urban environments (Maronga et al., 2020). PALM-4U explicitly resolves turbulence structures and incorporates

three-dimensional urban geometry, using cubic grid blocks at the resolution of the finest computational grid, enabling physically
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consistent representation of flow channelling, acceleration, and wake formation within complex urban domains. This Cartesian
representation necessarily simplifies curved or angled building facades into a stepped approximation, with geometric fidelity
increasing at finer grid spacing. The model has previously been applied to studies of urban climate, wind flow, and pollutant
dispersion, demonstrating its capability to capture microscale flow processes influenced by urban morphology (e.g. Belda et al.,
2021; Resler et al., 2024).

The PALM model system has frequently been applied to studies of urban climate, urban heat islands, and pollutant dispersion,
in which wind fields have primarily served as a means of model validation rather than as the primary subject of investigation
(e.g. Resler et al., 2021; Kiseleva et al., 2024). In contrast, the present study focuses specifically on the performance of PALM-
4U under strong wind conditions representative of storm events.

The computational model domain has a total lateral extension of 2048 m x 2048 m and domain height of 512 m, with
Greyfriar Square located approximately in the domain centre. The one-way self-nesting feature of PALM (Hellsten et al.,
2021) was used to gradually refine the grid resolution towards the area of interest. This was achieved by adding two nested
computational sub-domains (child domains) embedded in each other and horizontally centred in the model as displayed in
Figure 1 and Appendix A. Consequently, the grid resolution increases from 8 m to 4 m and finally to 1 m from the outermost
domain (parent) to the innermost domain (second child). Within each (sub-)domain, the Cartesian grid is structured with
equidistant spacing in both horizontal and vertical directions. The first child domain extend 768 x 768 m with a height of 256
m and the second child domain extend 256 x 256 m with a height of 128 m.

The building height of the inner child 2 is shown in Figure 2. The red dashed line marks the transect through Greyfriar
Square, which coincides with the centre of the model domain and the location of the virtual measurement point; the green
dotted line marks the transect through the churchyard, adjacent to the church of the holy ghost, visible in the figure as the
building cluster at approximately (x, y) = (75, 25) m.

The topography model, containing both buildings and orography, is illustrated in Appendix B. It aims to represent realistic
conditions of the area and distinguishes between different key surface types (buildings, soil/green/paved areas, and water
masses) for surface-atmosphere exchange processes. However, its representation is constrained by PALM’s Cartesian grid
structure and user-defined local grid sizes. Additional simplifications of the surface geometry were introduced to reduce

computational demand while maintaining the overall characteristics of the study area.
2.3 Model simulation setup

A series of simulations was conducted with prescribed logarithmic inflow wind profile with velocities of: 5,10, 15,20,25,30
and 35 ms~! in 10 m height. A 3.48 ms~! at 10 m height was also carried out for comparison with in-situ data.

The inflow wind direction was set to South-South-West (SSW) to allow validation against available measurements. An
additional simulation with a westerly (W) wind direction was performed to assess the influence of wind direction on the

simulated flow for 25 ms—!.
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Figure 2. Building height distribution within the nested model domain Child 2. Building height is indicated by a blue colour gradient, with
darker shades representing taller buildings. The red dashed line and green dotted line show the locations of the cross-sections extracted from

the model results.

Each simulation consisted of:

135 — A soil/wall spin-up period of 3 hours (thermal spin-up for the model’s soil and wall layers), followed by an additional 1

hour and 10 min spin-up for the wind and turbulence.
— A subsequent 1-hour simulation period used for analysis.

The wind spin-up duration was chosen to allow the development of dynamically balanced turbulence structures and to ensure
statistical stationarity prior to analysis. All statistical quantities presented in this study were computed using data from the last

140 1 hour period.
2.4 Boundary conditions and wind forcing

A horizontally homogeneous initial state was prescribed, defined by piecewise linear vertical profiles of temperature, humidity,
and horizontal wind speed at the inflow boundary, specified at 8 m vertical intervals consistent with the parent domain grid

spacing. The wind profile was calculated using the log-law formula:
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Boundary conditions were identical across all simulations except for the imposed inflow wind speed and pressure gradient
along the computational domain, thereby identifying the sensitivity of flow characteristics to wind forcing magnitude.
The horizontal pressure gradient driving the flow was derived from the friction velocity u.., calculated from the prescribed

inflow wind speed at 10 m reference height:

Uy = ————, 2
In £
20
The corresponding horizontal pressure gradient was then obtained as:
10p u? u?
—-—~ =2 =dpdz~—p—= 3
bor W pdr = —p— 3)

2.5 Model consistency check

A single low-wind-speed case (3.48 ms~!

at 10 m height) was compared qualitatively against in-situ wind measurements
collected at the centre of Greyfriar Square, Copenhagen, during summer 2018. The measurements were obtained using a
Kestrel Heat Stress Tracker with a sampling frequency of 0.5 Hz over a single 10-minute period and at a single point at
pedestrian level (1.5 m). The measurements’ limited spatial and temporal coverage introduces considerable uncertainty when
used as validation data, both in terms of representativeness of mean conditions and in terms of instrument accuracy for field
deployment.

The observed 10-minute mean wind speed at pedestrian level was 2.53 ms~!, compared to 2.51 ms~! in the PALM-4U
simulation. While this close agreement is encouraging, it should not be over-interpreted: the comparison involves only a single
point, a single short observational period, and a weak-wind regime that may not be representative of the turbulent dynamics
investigated in this study.

This check is therefore not intended as a model validation in any formal sense. It provides only a basic order-of-magnitude
indication that the model configuration and urban setup do not produce grossly unrealistic mean flow magnitudes under weak

wind conditions. The absence of independent validation data for stronger wind cases represents a limitation of the present

study, and the results should be interpreted accordingly (Jensen and Koss, 2026; Thordal et al., 2020).
2.6 Data Analysis

Figure 3 illustrates the main elements in the vertical structure of urban wind flow. Here, the flow in the urban canopy layer
consists of three zones: the pedestrian layer at the bottom followed by a recirculation dominated zone above and on top the
separation flow field at average building height. A transition zone connects the urban canopy layer with the free wind aloft,
which is assumed to be unaffected by the urban morphology.

This study focuses on the building-height and canopy-level regimes, where urban morphology most directly modifies the
approaching wind.

Output from the simulations was analysed to quantify how the wind field approaching the urban area, represented by the

prescribed inflow wind speed, is modified by urban geometry as it enters and moves through the urban canopy, and how
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Figure 3. Expected characteristics flow regions in the urban boundary layer. Figure inspired by Oke (1984)

the degree of this modification scales with increasing inflow wind speed. The primary objective is to relate the imposed inflow
wind forcing to spatially averaged mean wind conditions within the urban canopy and to the occurrence of extreme near-surface
gusts, as a step toward the longer-term goal of linking large-scale storm intensity to local urban wind hazard.

Two complementary analyses were performed.

First, the speed-up factor was computed at every grid point within the Child 2 domain, generating a spatial speed-up factor
used to assess the spatial heterogeneity of wind amplification, that is, how the ratio of local wind speed to inflow velocity varies
across the domain, identifying urban configurations and flow structures associated with locally enhanced wind exposure. This
grid-point analysis uses the full 1-hour simulation period, but does not isolate gust. It is therefore treated as an approximate,
spatially resolved amplification metric rather than an engineering gust factor.

Second, mean wind speed, turbulence intensity, and a fully resolved gust factor were computed at a virtual measurement
point located at the centre of Greyfriar Square (Centred red dot Figure 1), used for the scaling analysis presented in the results.

For each simulation, the following quantities were evaluated at the virtual measurement point: mean wind speed, turbulence
intensity, power spectral density, and gust factor.

Together, these diagnostics are used to investigate the relationship between imposed inflow velocity, spatially averaged mean
flow, and extreme gust response within the urban canopy, specifically, whether the ratio between gust and mean wind speed, and
between turbulence intensity and mean wind speed, remains constant or varies systematically with increasing inflow forcing,
as presented in Section 2.4.

Turbulence intensity, denoted I,, following standard wind engineering convention, is defined as I,, = %+, where o, denotes
the standard deviation of the stream wise wind speed component and « is the mean wind speed.

The gust factor is defined as G = %, where U, denotes the maximum wind speed.

Both w4, and u are computed for two areas of interest: the full Child 2 domain (green boundary in Figure 1), where ;45

is taken as the maximum wind speed in the entire child 2 over the full 1-hour simulation period, and the virtual measurement
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point at the centre of Greyfriar Square (red dot in Figure 1), where w4, is defined as the maximum 3-second gust within a
10-minute window (Davis and Newstein, 1968), evaluated across the full 1-hour dataset. These two definitions and areas of
interest are used consistently throughout the analysis.

To characterise the height-dependent relationship between inflow velocity and local wind response, the mean wind speed at
each height level within Child 2 was evaluated as a function of the imposed inflow velocity, for all seven inflow speeds. The
resulting set of response curves, termed the urban flow transfer function (UFT-function), describes how wind speed at a given
height responds to changes in the imposed background forcing, relative to the unchanged-flow case in which local wind speed
equals the inflow velocity. The UFT-function is used in Section 3 to identify the characteristic vertical flow regions: Free flow,
transition layer, rooftop separation, recirculation, and pedestrian level, through which the simulated wind response passes as

height decreases from the free atmosphere to the ground.

o~ ® Main part of the free flow w
Dz 704 P completely unaffected by £ fasier
5 \@, city morphology. £ than input f
£ 604 B E ,
- (® Lower part of the free flow S Averaged
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Figure 4. Reading the characteristic of the urban flow transfer function.

Figure 4 presents the UFT-function schematically, with the six flow regions explicitly numbered and described: (1) the
upper free flow, unaffected by city morphology; (2) the lower free flow, locally accelerated by the wind speed deficit in the
layers below; (3) the transition region between free flow and the wind flow around and between buildings; (4) the rooftop
or flow separation region, characterised by high shear; (5) the recirculation region between buildings, dominated by vertical
flow exchange; and (6) the ground or pedestrian level. A dashed line marking unchanged flow (where local wind speed equals
the inflow value) shows that the lower free-flow region is consistently faster than the inflow, while the canopy region remains

consistently slower, a direct visual summary of the amplification and attenuation behaviour described throughout this section.

2.7 Assumptions and Limitations

While the inflow conditions are idealised rather drawn directly from meteorological model output, the use of physically

selfconsistent logarithmic profiles spanning a wide range of wind speeds ensures that the simulated flow fields are dynamically
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representative of the boundary layer conditions associated with extratropical storm events. The results can therefore be interpreted
in terms of how large-scale storm intensification, as projected under future climate conditions, translate into urban wind
exposure (Pelund et al., 2026). The focus on mean and gust wind speeds within the urban canopy provides a first order
characterisation of how large scale storm forcing manifests at local scale.

The child domains use a horizontal grid spacing of 4 and 1 m respectively, nested within an 8 m parent domain, resulting in
a refinement ratio of 8:4:1. Previous studies using PALM typically recommend ratios of 2—4 to minimise interpolation errors

at the nesting interface (Hellsten et al., 2021).

3 Results

Figure 5 presents the spatial distribution of the 10-minute mean wind speed at approximately 10 m height for selected inflow
wind speeds between 5 to 35 ms~!. The overall flow pattern remains similar, with the strongest wind speeds occurring in
the same area within Child 2, across all simulations. This suggests that the principal flow structures within the urban area
are spatially anchored by building geometry rather than by the magnitude of the approaching wind, though a quantitative
assessment of this similarity would require a normalised colour scale across panels, which is left for future analysis.

Speed-up areas of elevated wind speed are consistently observed in the open space immediately downstream of the church
and within the narrow streets aligned with the inflow direction. In contrast, locations with reduced wind speeds occur typically
in sheltered regions located behind buildings and in streets oriented perpendicular to the approaching flow. As the inflow wind
speed increases, the local wind speeds increase throughout the domain while preserving the overall spatial distribution.

To quantify this behaviour, the domain-averaged and domain-maximum wind speeds were evaluated as functions of the
imposed inflow velocity. Both quantities exhibited a strong linear relationship with the inflow conditions, yielding coefficients
of determination of R? =0.9864 and R? = 0.9855 for the mean and maximum wind speeds, respectively (see appendix
C). These results confirm that the local wind field responds approximately linearly to the imposed inflow velocity over the
investigated range.

Although the spatial distribution of the mean wind speed remains similar across all simulations, the temporal evolution of
the wind field reveals important differences. Figure 6 shows the domain-averaged (the spatial average of wind speed across
all grid points within Child 2 at 10 m height) and domain-maximum (the single highest wind speed occurring anywhere
within Child 2 at 10 m height) wind speeds during the analysed period. The domain-averaged wind speeds exhibit a nearly
proportional increase with inflow velocity and maintain a similar temporal evolution, consistent with the approximately linear
scaling observed in the spatial analysis.

In contrast, the domain-maximum wind speeds display a more irregular behaviour. While the magnitude of the maximum
wind speed generally increases with increasing inflow velocity, peak events do not occur simultaneously across the simulations.
As only a single realisation was simulated for each inflow speed, this misalignment cannot be distinguished from the expected

stochastic variability of turbulent gusts and should not, on this basis alone, be interpreted as evidence of inflow-velocity-

10
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Figure 5. Distribution of the resulting horizontal wind speed in a plane 10 m above ground level in Child 2 domain for selected inflow wind
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dependent turbulent structure. It does, however, indicate that the strongest local gusts at a given moment in time are not simply

time-synchronised, scaled versions of the inflow forcing.

Wind speed evolution at approx 10 m height
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Figure 6. Temporal development of the mean (full line) and maximum wind speed (dashed line) over a 1-hour period within the Child 2

domain for each model run.

Vertical cross-sections through the computational domain (Figures 7 and 8) illustrate the mean flow structure within and
above the urban canopy, using a fixed colour scale (0-30 m s~! across all panels). Within the canopy layer, the spatial
pattern of recirculation and wake structures remains largely consistent across the full range of inflow velocities, supporting
the interpretation that canopy-scale flow structure is primarily governed by urban geometry. Above the canopy, wind speed
increases visibly with inflow velocity at low to moderate forcing (panels a—c); at higher inflow velocities (panels d-g, >
20ms 1), the free-stream wind speed exceeds the upper bound of the colour scale, and absolute magnitude differences between
these higher-speed simulations are therefore not visually distinguishable in this figure. This behaviour is broadly consistent with
the approximately linear scaling of mean wind speed with inflow velocity described above.

The cross-section through Greyfriar Square (Figure 7) reveals substantial spatial variability in the mean wind field. Accelerated
wind speeds occur above rooftop level and within open areas aligned with the approaching flow, whereas lower wind speeds
are observed in sheltered regions between buildings. Strong velocity gradients are present near rooftop height, indicating a
transition between the urban canopy flow and the faster-moving flow aloft.

The cross-section near the church (Figure 8) highlights the region associated with the highest mean wind speeds in the
domain. The location of the accelerated flow remains largely unchanged across all simulations, while the magnitude of the
wind speed increases systematically with inflow velocity. This behaviour is consistent with the persistent high-wind region

identified in the horizontal wind-speed distributions maps (Figure 5).
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Figure 7. Snapshot of the vertical cross-section of mean wind speed for the seven model runs along the central transect shown in Figure 2,

red dashed line.

Urban flow characteristic is usually described by analysing local wind speed recordings deriving statistical parameters such
270 as the mean wind speed, turbulence intensity and gust wind speed for a sufficient number of single points. For a comprehensive
assessment of how changing atmospheric boundary conditions influence the urban flow field and which consequences this
might hold for wind loading and microclimate, a new approach is suggested where wind data are analysed for an individual
grid level (= elevation level) and compare across the grid levels across the urban boundary layer. This approach is shown in
Figure 9 on the example of occurrence distributions of 10 minutes mean wind speeds per grid level in the lower 50 m of Child

275 2 domain (highest resolution at target area).
First, the height at which the wind speed distribution transitions from canopy-dominated to free-stream-dominated remains
stable across all inflow velocities, reinforcing the result from Figures 7 and 8 that the vertical structure of the flow is set by

urban geometry rather than by the strength of the approaching wind.
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Figure 8. Snapshot of the vertical cross-section of the 10-min mean wind speed for the seven model runs along the transect near

Helligandskirken shown in Figure 2 green dotted line.

Second, while the canopy is dominated by low wind speeds at every inflow velocity, the internal spread of wind speeds
within the canopy widens with increasing inflow: at low inflow (5-10 ms~1), the canopy distribution is narrowly concentrated
in a single low-speed bin at nearly every height, whereas at higher inflow (25-35 ms~!) the canopy shows a markedly broader
mixture of wind speed bins. This indicates that stronger background forcing does not simply translate into uniformly faster
canopy flow, but instead increases the heterogeneity of wind exposure within the canopy itself.

Third, the maximum wind speed profile consistently exceeds the prescribed inflow profile, particularly in the upper canopy
and across the transition layer, while the mean wind speed profile remains at or below the inflow profile throughout the canopy.
This gap between local maximum and inflow wind speed widens in absolute terms with increasing inflow velocity, providing
direct visual confirmation that the amplification of extreme local wind speeds relative to the imposed background forcing is

not constant but grows with storm intensity.
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Figure 9. Normalised wind speed distributions and vertical wind profiles for the seven model runs within the lowest 50 m above ground level

in the Child 2 domain. The colour-shaded distributions show the normalised wind speed occurrence, while the blue and green lines represent

the mean and maximum wind speed profiles, respectively. The red dashed line indicates the corresponding inflow wind profile.
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Figure 10. Distribution of wind directions within the Child 2 domain for an inflow wind speed of 25 ms~! at 10 m height. The left panel

shows the case with a south-southwesterly (SSW) inflow, and the right panel shows the case with a westerly (W) inflow. For comparison, the

SSW case has been rotated such that the inflow direction is aligned with the westward direction.
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Figure 11. Spatial distribution of the 10-min mean wind speed within the Child 2 domain for an inflow wind speed of 25 ms~! at 10 m

height. The left panel shows the south-southwesterly (SSW) inflow case, and the right panel shows the westerly (W) inflow case. The left is

rotated to show the actual orientation of the city.
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Figure 10 compares the directional distribution of wind speed at approximately 10 m height for two inflow directions, SSW
and W, testing whether the urban-geometry-controlled flow structure identified above for varying inflow magnitude also holds
when the approach direction is varied. In both simulations, wind directions span nearly the full compass range despite the
single prescribed inflow direction, confirming that the urban geometry substantially redirects the approaching flow through
channelling and recirculation, consistent with the flow structures identified in the vertical cross-sections (Figures 7, 8).

The two inflow directions produce broadly similar overall directional distributions, but differ in which directions are associated
with the highest wind speeds: for SSW inflow, the strongest winds are channelled towards directions between south and
east, whereas for W inflow they are predominantly channelled towards the south. Despite this difference in channelling
direction, the corresponding wind speed maps (Figure 11) show that the strongest winds in both simulations occur in the
same area of the domain, in the vicinity of the church, although the specific sub-region and channelling pathway feeding this
hotspot differ between the two cases. This indicates that the church area functions as a robust local wind-acceleration feature
largely independent of approach direction, extending the finding, established above for varying inflow magnitude, that urban

morphology controls flow structure to variation in inflow direction as well.
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Figure 12. Relationship between inflow wind speed and simulated wind characteristics at different heights above ground level. (a) Mean wind
speed as a function of inflow wind speed, indicating the urban flow respone function. (b) Ratio between maximum and mean wind speed as a
function of inflow wind speed, indicating a spatial speed-up factor. (c) Normalised maximum wind speed as a function of normalised inflow
wind speed. The colour scale in panels (a—c) indicates the measurement height above ground level. (d) Vertical wind profile over the urban

area, with the colour scale indicating the corresponding heights above ground level.
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An extension to the approach introduced in Figure 10 is the calculation of the grid-layer mean wind speed and its ratio to the
inflow wind speed at corresponding grid height. This ratio can also be considered as a factor with which the inflow is translated
into the urban flow field at a specific height. Calculating this ratio or transfer factor for all grid levels yields to a characteristics
transfer factor distribution over height.

Figure 12 illustrates this calculation and the resulting transfer factor distribution with clearly identifiable features reflecting
the vertical structure of the urban boundary layer. The sharpness of the distribution curve (UFT-function) allows a clear
distinction between characteristic flow fields providing hence an accurate tool to observe and identify changes from varying
atmospheric boundary conditions: wind speed near the ground is strongly attenuated relative to the inflow, rises through
the pedestrian and recirculation layers, remains comparatively flat through the rooftop eave region, then increases sharply
through the transition layer before approaching the free-stream inflow value aloft. This consistent shape across all seven inflow
velocities indicates that the vertical organisation of the flow response is governed by urban morphology rather than by the
magnitude of the imposed forcing, while the absolute wind speed at any given height scales with inflow velocity, the qualitative
structure of the UFT-function does not.

The ratio between the domain-maximum and domain-mean wind speed (Figure 12(b)) shows a broadly consistent dependence
on inflow velocity across the urban canopy. Lower inflow velocities (5-15 ms~!) produce peak ratios of approximately
7-7.5, while higher inflow velocities (20-35 m.s~1) generally produce higher peak ratios of approximately 8-9. The 30 m.s~1
simulation is a clear exception to this trend, with peak ratios closer to those of the 5 ms~! case, no methodological difference
(e.g. in inflow direction or domain configuration) distinguishes this run from the others, and the cause of this deviation is
not currently understood. This metric is not a classical engineering gust factor, but it provides a useful measure of spatial
amplification within the urban canopy, and the overall magnitude of the ratio, consistently well above 1 across all simulations,
confirms substantial spatial heterogeneity in the wind field at every inflow velocity examined.

The normalised maximum wind speed (Figure 12(c)) shows that simulations with inflow velocities between 15 and 35 ms~*

collapse onto a broadly consistent curve, while the 5 ms~!

simulation is systematically elevated within the pedestrian and
recirculation layers. This provides direct, height-resolved confirmation of the result established earlier in this section: extreme
local wind speeds are disproportionately amplified, relative to the mean flow, at low inflow velocities, while this amplification
diminishes as inflow velocity increases. The colour correspond to the colour-height shown in Figure 12(d).

From the virtual measurements at the centre of Greyfriar Square (red dot, Figure 1), the gust factor and turbulence intensity
were calculated at approximately 10 m height for the resultant horizontal wind speed, with the gust defined as the maximum
3-second wind speed within each 10-minute window of the 1-hour simulation (see Section 2.6). Figure 13 shows an example
time series, gust factor, and turbulence intensity for the 15 ms~! inflow run, illustrating the high-frequency variability captured
by the raw and 3-second-smoothed wind speed signals underlying these metrics.

Table 1 summarises the resulting gust factor and turbulence intensity across all seven inflow velocities. Both quantities show
a clear, non-monotonic pattern with inflow velocity: high and variable values at low inflow, a rapid decline through intermediate
inflow speeds, and a stable plateau at high inflow. Three regimes are identified based on this pattern, with boundaries placed

at the inflow velocities where both metrics visibly shift between these behaviours: an intermittent regime (5-10 ms~1), in
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Figure 13. Time series of wind speed, gust factor, and turbulence intensity from the PALM-4U virtual measurement point located at the
centre of Gribrgdretorv (red dot in Figure 1). Results are shown for an inflow wind speed of 15 m.s~" at 10 m height. The upper panel

shows the wind speed development over a 1-hour period, while the lower panels show the corresponding gust factor and turbulence intensity

calculated using a 3 s gust window and a 10 min averaging period.

which both metrics are elevated and vary substantially between runs (G = 2.55-2.60, Iy= 52-55%); a transition regime (15-20
ms~1), in which both metrics fall rapidly (G = 1.81-2.14, I;;= 39-43 %); and a quasi-saturated regime (25-35 ms~1), in
which both metrics plateau at approximately constant values (G = 1.7, Iy = 40 %), varying by less than 0.1 in gust factor
340 and 1 percentage point in turbulence intensity across this five-fold range of inflow speeds. This classification is based on visual
inspection of the table values rather than a formal statistical breakpoint criterion, and is intended descriptively rather than as a
precise physical threshold.
Both turbulence intensity and gust factor decrease with increasing inflow velocity at 10 m height within the urban canopy,
consistent with the regime structure identified above. In the intermittent regime, flow is dominated by geometry-driven recirculation
345 and intermittent downward turbulent penetration events: at low wind speeds the flow has less inertial dominance, so building
wakes, recirculation zones, and pressure-driven channelling create relatively larger fluctuations compared to the mean. While

high Ir;values are well documented at pedestrian level in urban areas (Hirose et al., 2022; Zou et al., 2021), field measurements
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Table 1. Summary of wind characteristics for all model runs, including mean and maximum wind speed, gust factor, and turbulence intensity
(I7). The identified flow regimes are indicated by colour: blue represents intermittent flow, teal represents the transition regime, and green

represents quasi-saturated flow.

Windspeed [ms™1] Gust factor Turbulence intensity [%]
Regime model run U Ou  Umee Mean min  max mean  min max
Intermittent 5ms ! 194 1.07 4.93 255 221 282 552 495 61.4

10 ms™* 230 121 596 260 246 281 522 518 55.4

Transition 15ms™! 443 191 946 214 190 227 433 405 45.1
20 ms ! 555 215 1006 181 1.69 191 388 379 41.4

Quasi-saturated 25 ms™* 6.80 270 1187 174 171 181 39.6 39.1 41.0
30ms™! 797 319 1361 171 1.65 179 400 39.1 41.7
35ms™! 929 370 1561 1.68 1.61 177 399 383 40.7

at 10 m height in urban settings also report a wide I range, depending on wind direction and local geometry (Zou et al., 2021).
The gust factors observed here are high but physically plausible for a street canyon at this height.

As inflow increases through the transition regime, the urban canopy becomes increasingly ventilated, leading to a more
continuous mean flow and a relative reduction in velocity fluctuations. In the quasi-saturated regime, both metrics approach
asymptotic values, indicating a transition to a turbulence regime governed primarily by urban shear-layer dynamics rather than
inflow intermittency. At 10 m height in a dense urban environment, the turbulence intensity in the quasi-saturated regime is at
the high end of the expected range, but physically plausible. Field measurements within urban street canyons report I;ybetween
25-50%, with the spread driven by building density, canyon geometry, and measurement position (Eliasson et al., 2006; Rotach,
1995). Locations near building wakes or within sheltered recirculation zones consistently produce values at the upper bound.
For context, the IEC wind turbine standard classifies Iy = 16% as turbulence class A ("high turbulence") (Hansen and Larsen,
2005); urban canopies routinely exceed this by a factor of two or more.

Davenport (1967) and later Wiernga (1993) and Rakib et al. (2020) give gust factors for urban terrain of roughly 1.6-1.9
for 10 m height and 10-minute means, within which the quasi-saturated plateau sits squarely. The elevated values in the
intermittent regime are consistent with the well-established behaviour of gust factor decreasing with increasing mean wind

speed, documented across urban measurement studies and LES (Davis and Newstein, 1968; Hirose et al., 2022).

4 Discussion

This study examines how imposed inflow wind forcing translates into urban-scale wind exposure using high-resolution LES
with PALM-4U, focusing on the governing physical mechanisms and their implications for urban wind hazards under climate

change, as a step toward the longer-term goal of linking large-scale storm intensity to local urban wind hazard.
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The persistence of the spatial wind-speed patterns across all simulations indicates that urban morphology is the primary
control on flow organisation. Local acceleration zones consistently occur in the open area near the church and in streets aligned
with the inflow direction, reflecting combined effects of channelling and geometric flow steering. These features remain stable
across inflow magnitudes, indicating that inflow forcing primarily modulates intensity rather than spatial structure.

The enhanced velocities near the church are likely linked to local flow acceleration induced by the building geometry and
surrounding open space. While the model representation of the church is simplified and does not resolve the full tower structure,
the persistent acceleration in this region suggests that combined effects of geometry and upstream flow deflection contribute to
momentum concentration downstream.

The differing timing of domain-maximum wind-speed peaks (Figure 6) underscores that, subject to the single-realisation
caveat noted there, peak velocities are governed by transient turbulent structures distinct from the morphology- and inflow-
controlled mean flow. Extreme winds therefore cannot be assumed to scale directly with mean flow conditions.

Vertical cross-sections confirm this pattern, showing consistent rooftop shear-layer formation and persistent high-velocity
zones near the church across all runs. The rooftop shear layer marks the transition between canopy-dominated and overlying
atmospheric flow, where velocity gradients are strongest.

The relationship between inflow velocity and simulated wind response shows near-linear scaling for domain-averaged
quantities (R? = 0.99), with the domain-maximum wind speed scaling at approximately 8.5 times the rate of the domain
mean (Appendix C), while maintaining consistent vertical structure across all cases. Deviations occur primarily in extreme
values, where normalised maxima indicate non-linear behaviour under weak inflow conditions. Above the urban canopy, wind
speeds converge toward a linear response, suggesting diminishing influence of urban drag with height.

Vertical wind-speed distributions demonstrate a stable structural separation between the urban canopy and the overlying
atmospheric flow, consistent with the urban flow transfer function (UFT-function) identified across all inflow velocities. Within
the canopy, momentum is reduced by building-induced drag, producing persistently low wind speeds up to rooftop height;
within the urbansphere transition layer above, wind speed increases rapidly and scales more directly with inflow conditions.

Despite a fixed inflow direction, the urban canopy produces a wide distribution of local wind directions due to channelling,
separation, and recirculation within the street network. While directional spreading is similar for both SSW and W inflow cases,
the strongest winds remain consistently associated with the vicinity of the church, although their directional characteristics
vary depending on inflow orientation. Combined with the directional independence of the high-wind region’s location, and
its consistency across the full range of inflow magnitudes examined, this demonstrates that the church area’s role as a local
wind-acceleration feature is governed by urban morphology along two largely independent axes of variation, inflow speed and
inflow direction, rather than being an artefact specific to either. This decouples the spatial pattern of near-surface extreme winds
from the direction of large-scale atmospheric forcing, though the present analysis covers only two inflow directions and should
not be taken as exhaustive across all possible approach angles.

Greyfriar Square functions as a roughness transition zone where flow from surrounding street canyons interacts with a
relatively open square. This configuration promotes shear-layer formation at the interface between incoming channelled flows

and the open space, resulting in intermittent momentum exchange and enhanced turbulence levels at measurement height. It is
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noted, however, that turbulence appears more developed in the eastern portion of the domain in vertical cross-sections, which
may partly reflect the influence of the coarser nesting interface upstream rather than purely local flow physics.

The child domain nesting employs a refinement ratio of 8:4:1, with the innermost domain at 1 m grid spacing nested within
a 4 m intermediate domain, itself nested within the 8 m parent domain. The ratio between the two innermost domains (4:1) is
at the upper edge of the range of 2—4 typically recommended to minimise interpolation errors at the nesting interface (Hellsten
et al., 2021). Vertical cross-sections of turbulence quantities show a visible asymmetry, with turbulence appearing more fully
developed in the downstream portion of the domain. While this pattern is broadly consistent with the physical development
of a shear layer across the open square, it may also partly reflect numerical diffusion or interpolation errors introduced at the
upstream nesting boundary. A formal grid independence study, varying grid resolution and nesting ratio systematically, would
be required to fully separate these contributions, and is identified as a priority for future work. The analysis and conclusions
of the present study are based on domain-averaged and spatially aggregated quantities that are less sensitive to localised near-
boundary artefacts, but localised point measurements near the upstream nesting interface should be interpreted with this caveat
in mind.

Three flow regimes emerge across increasing inflow velocities, identified from the visible pattern of gust factor and turbulence
intensity values rather than a formal statistical breakpoint criterion (see Results): an intermittent regime (5—-10 m s~1), in which
flow is dominated by intermittent recirculation and penetration events, producing elevated gust factors and turbulence intensity;
a transition regime (15-20 m s~1), in which increasing momentum reduces the dominance of cavity-scale circulation; and a
quasi-saturated regime (25-35 m s~ '), in which both turbulence intensity and gust factor approach quasi-stationary values,
indicating a shear-dominated equilibrium governed by persistent canopy-layer mixing.

The results highlight the importance of distinguishing between mean and gust-related wind exposure in urban environments.
At low inflow velocities, intermittent gust penetration leads to disproportionately high gust factors, whereas at higher wind
speeds the relationship between mean and peak flow stabilises. Despite this stabilisation, turbulence levels remain high,

indicating persistent unsteadiness relevant for pedestrian exposure.

5 Conclusion

Regarding the first research question, this study demonstrates how progressively intensified inflow wind forcing translates into
urban-scale wind exposure in a dense historical district of central Copenhagen.

To assess influence from changing atmospheric boundary conditions on the urban wind field, a new approach of analysing
and presenting characteristic parameters of the urban flow has been suggested. Here, the comparison of flow transfer functions
(UFT-function) allows a very clear identification of consequences for the flow field.

Across the full range of inflow velocities examined, from gentle breeze to hurricane-force wind, the spatial structure of
the flow, remains largely invariant, indicating that urban morphology governs the organisation of the wind field, while inflow
magnitude primarily acts as a scaling factor for mean wind conditions. Regarding the second research question, extreme wind

behaviour instead exhibits clear regime-dependent behaviour, with the intermittent, transition, and quasi-saturated regimes
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identified above: at low inflow velocities, gustiness is strongly amplified by intermittent, geometry-driven recirculation processes,
whereas at higher wind speeds both turbulence intensity and gust factors converge toward quasi-stationary values characteristic
of a shear-dominated canopy flow regime.

These results indicate that urban wind hazards under intensified storm conditions cannot be inferred from mean wind scaling
alone, as gust amplification is governed by non-linear interactions between turbulent structures and urban geometry that are
most pronounced at low-to-moderate inflow velocities, and diminish as the flow transitions to the shear-dominated quasi-
saturated regime at higher wind speeds. The study therefore provides a physically based framework for understanding how
changes in inflow wind intensity map to local wind hazard metrics in complex urban environments, explicitly distinguishing
between mean-flow scaling and turbulence-driven extremes, as a foundation for future work linking this framework to large-
scale storm forcing.

Regarding the third research question, the simulations show internally consistent, physically plausible behaviour across the
full seven-fold range of inflow forcing, near-linear mean-flow scaling (R? = 0.99), a stable vertical flow structure, and gust
factors and turbulence intensities consistent with published urban measurements (Davenport, 1967; Wiernga, 1993; Rakib
et al., 2020), supporting the use of PALM-4U for urban wind hazard assessment under storm conditions. This support remains
provisional given the limited independent validation data (Section 2.5) and the unresolved sensitivity to the 4:1 nesting ratio
(Section 2.7 and 4), both identified as priorities for future work.

Overall, the findings highlight the importance of explicitly resolving urban-scale turbulence when assessing future wind
hazards under climate-induced storm intensification. These results are particularly relevant for translating projected changes in

storm intensity into spatially resolved urban wind risk under climate change.

6 Code and data availability.

The Palm-4u model is freely available at https://palm.muk.uni-hannover.de (Last access: 07.04.2026). The LES performed and

used in this article where performed with Palm-4u v24.04. The model set up can be required by author.
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Appendix A: Model Domain and Nesting Configuration

The nested domain configuration used in the PALM-4U simulations is displayed in Figure Al and summarized in Table Al.
The model setup consists of a parent domain and two nested child domains with progressively higher spatial resolution in order
460 to resolve flow structures within the urban area of interest. The table lists the horizontal domain extents and corresponding grid

spacings for each model domain.
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Figure A1. 3D visualization of the computational parent domain (grey), and nested sub-domains; child 1 (yellow) and child 2 (green).

Table A1. Domain and grid extensions of parent and nested sub-domains of the computational domain.

Palm-4u Model

parent child 1  child 2

number of gridboxes in:

X 256 192 256
y 256 192 256
z 64 64 128
size [m] of single gridbox in:

X 8.0 4.0 1.0
y 8.0 4.0 1.0
z 8.0 4.0 1.0
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Appendix B: Topography Model

This study employs an existing PALM topography model (static driver) developed as part of an investigation of urban microclimate
analysis and the bio-meteorological capabilities of PALM-4U (Jensen, 2025). A step-wise refinement of the urban architectural
detailing (based on building footprint and building height variations) was applied toward the central area of interest, while
buildings near the domain periphery were represented as simplified massing blocks. Due to limitations in PALM’s inflow
boundary conditions, the model setup was designed inspired by principles of a wind tunnel turntable configuration, with the
urban geometry centred on a disc. This approach enabled the assessment of varying wind directions while minimizing the need
for modifications to the computational model.

Figure B1 displays the differentiation between surface types in the model which use different PALM bulk material properties.
This characterization was based on data availability of the area, and contributed to some simplified representations of the urban
environment, e.g. the model assumes homogeneous building facade properties. Other simplifications follow from PALM’s

Cartesian grid structure e.g. flat roofs.

Legend - Surface types

B Trees

[ Buildings

Paved surfaces:

I Asphalt/concrete mix
Land cover:

[ Bare soil

[] Fountain

B Lake

[ River

[[] Short grass

® Grey Friars square
[ Flat surface, corner regions
to domain extent

Figure B1. Surface layers of the topography model included in the PALM static driver. (Illustration modified from Jensen (2025)).
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Appendix C: Mean and max wind vs inflow scaling

The domain-averaged (a) and domain-maximum (b) wind speed at 10 m height within Child 2 as a function of the imposed
inflow wind speed, for all seven inflow scenarios are shown in figure C1. Dashed lines show the least-squares linear fit; fit
equation and coefficient of determination (R?) are given in each panel. Both quantities scale approximately linearly with
inflow wind speed, with the domain-maximum wind speed increasing at approximately 8.5 times the rate of the domain-mean

(slope of 0.803 vs. 0.095 per ms~! increase in inflow).
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Figure C1. Domain-averaged (a) and domain-maximum (b) wind speed at 10 m height within Child 2 as a function of inflow wind speed.

Dashed lines show the linear least-squares fit, with fit equation and R? given per panel.
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