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Abstract. The meteorological impact on humans and infrastructure in urban areas is strongly influenced by the air temperature,
humidity, wind velocity, and radiative fluxes. These can be strongly heterogeneous in urban environments with complex 3-D
building and vegetation geometry. Micrometeorological building-resolving models have been developed to solve the prognostic
equations of the atmospheric variables in urban areas at metric resolution. They take into account the radiative exchanges in
the 3-D urban geometry and heat conduction in the building and ground surfaces with separate deterministic approaches. An
alternative introduced in this study is to solve the 3-D heat conduction, radiation, and convection with the stochastic Monte-
Carlo Method (MCM) in a unified algorithm. Such MCM solvers have become available thanks to recent breakthroughs in
the Monte-Carlo community, which allow to establish a connection between conductive and radiative random walks. The
advantage of the MCM is that the calculation is independent of the complexity of the urban geometry, the calculations can deal
with a large range of scales, and are easy to parallelise. In this study, the coupling between the atmospheric model Meso-NH
and the Monte-Carlo solver stardis of conductive-radiative-convective heat exchanges is presented. Humid processes cannot
yet be considered with the new model. The coupled model is evaluated against observational data for dry heat wave conditions
at the impervious Comprehensive Outdoor Scale MOdel (COSMO) urban-like site in the northern outskirts of Tokyo (Japan).
Evaluation results show that the model represents well the temporal evolution of the sensible heat flux and the vertical profiles
of air temperature in the urban roughness sublayer. Future developments could focus on including urban vegetation and moist

processes such as to enable the study of adaptation measures in urban areas.
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1 Introduction

Urban areas alter the local climate due to the different surface energy, water, and momentum balances compared to surround-
ing rural areas (Oke et al. (2017), Masson et al. (2020)). The nocturnal urban heat island (UHI) can reach 5 to 10 K during
favourable meteorological conditions (Oke, 1973). This can influence human thermal comfort and health (Gosling et al. (2009),
Gabriel and Endlicher (2011), Forceville et al. (2024)), or building energy consumption for heating and air conditioning (Li
et al., 2019). In the context of regional climate change (IPCC, 2022), the UHI can amplify heat stress, morbidity and mortality
of city dwellers during more frequent, more intense and longer heat waves. Strategies like urban vegetation (Norton et al.
(2015), Gunawardena et al. (2017)), the use of construction materials with higher albedo (Akbari et al., 2012), building ren-
ovation (Chatterjee et al., 2025), or electricity production in urban areas (Masson et al., 2014) are promising to contribute to
climate change mitigation and adaptation.

Physically-based numerical urban climate models can be used to quantify urban climate processes, the impact of the urban
climate on the inhabitants and infrastructure, and the effectiveness of mitigation and adaptation measures. Two main categories
of such models exist, the urban canopy models (Lipson et al., 2024) designed for the kilometric and hectometric resolutions
and the building-resolving models (Toparlar et al., 2017) designed for the metric resolution.

The urban canopy models like the Town Energy Balance (TEB, Masson (2000)), the Single-Layer Urban Canopy Model
(SLUCM, Kusaka et al. (2001)), or the Building Effect Parameterization (BEP, Martilli et al. (2002)) represent the 3-D nature
of urban areas, but they strongly simplify the urban morphology, e.g. by assuming an infinitely long street canyon. The sim-
plified morphology conserves district average parameters like the plan area building density (A,), the external facade density
(Aw), and the average building height (H,ean) such as to capture the bulk of the urban influence on the atmosphere. Urban
canopy models have proven successful in simulating the urban energy balance (Grimmond et al., 2010), they have been cou-
pled to mesoscale atmospheric models to analyse urban climate processes (Lemonsu and Masson, 2002), to numerical weather
prediction models like TEB in the operational AROME-France (Seity et al., 2011), and to regional climate models (Lemonsu
et al., 2023).

The building-resolving models like ENVI-Met (Bruse and Fleer, 1998), IBM-WRF (Lundquist et al., 2012), SOLENE-microclimate

(Morille et al., 2015), PALM-4U (Maronga et al., 2020), uDALES (Suter et al., 2022), or City-LES (Kusaka et al., 2024) re-
solve the buildings explicitly. This can be done by employing a body-fitted grid or Immersed Boundaries (Moonen et al., 2012),
or a body-force method that consists of applying a strong drag force at the location of the buildings (Mufioz-Esparza et al.,
2020). The building-resolving models can simulate meteorological variables like mean wind velocity, turbulence, radiation, or
pollutant concentrations that are strongly heterogeneous in the complex 3-D building and vegetation geometry. They can be
employed to quantify the impact of adaptation measures at the scale of individual buildings or to quantify uncertain parame-
ters like the momentum drag coefficient due to buildings that are used by the urban canopy models (Nagel et al., 2023). The
building-resolving models need to operate at metric resolution and employ a low time step leading to very high computational
cost. This prohibits their application in numerical weather prediction or regional climate models.

The urban climate models need to represent the solar and terrestrial radiation exchanges in the urban canopy layer and the
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heat conduction in the building and ground materials to accurately simulate the urban energy balance. The radiosity method
is frequently used for the calculation of the 3-D radiation exchanges (Schoetter et al., 2023). With the radiosity method, the
building and the ground are divided into /N facets, and exchange factors between the facets are calculated. These exchange
factors quantify which fraction of the radiative flux starting at facet i (1 <7 < Ny) is reaching facet j (1 < j < Ny). Assuming
a constant irradiation of each facet, broadband albedo and emissivity, isotropic reflection and emission, and vacuum in the
urban canopy layer, it is possible to calculate the solar and terrestrial radiation reveiced by each facet (Krayenhoff et al., 2014).
The drawback of the radiosity method in the building-resolving models is that a large number of exchange factors needs to
be calculated and stored in memory. Also physical processes like direct solar irradiation, specular reflections, or interaction of
radiation with air, aerosols, or clouds in the urban canopy layer cannot be represented. Kr¢ et al. (2021) introduced an angular
discretisation that divides the view from each facet into a fixed number of directions and was able to improve the scaling of the
number of exchange factors with the size of the domain in PALM-4U. However, this introduces additional model assumptions
and uncertainties.

The urban climate models calculate the heat conduction in the buildings and the ground materials independently of radiative
transfer and in 1-D. This assumes purely 1-D heat conduction and homogeneous wall materials (e.g. Yang and Li (2013) for
ENVI-MET 4.0, Pfafferott et al. (2021) for PALM-4U, Kusaka et al. (2024) for City-LES), which makes it difficult to repre-
sent features like thermal bridges in walls, or roofs with a complex shape. Building energy models have been developed for
the urban canopy models (Kikegawa et al. (2003), Salamanca et al. (2009), and Bueno et al. (2012)) to solve the energy budget
of a representative building at district scale. For the building-resolving urban climate models, Pfafferott et al. (2021) coupled
a building energy model that is based on a resistance network to PALM-4U whereas Suter et al. (2022) impose a Dirichlet
boundary condition of constant indoor air temperature in uDALES.

An alternative to the established deterministic approches for the calculation of the conductive-radiative-convective heat ex-
changes between a complex 3-D urban geometry and the atmosphere is to use the stochastic Monte-Carlo Method (MCM).
The MCM is well established to solve the Radiative Transfer Equation and has been successfully employed to calculate urban
radiative exchange (Caliot et al., 2023). A recent advancement in resolving conductive heat transfer using the MCM establishes
a connection between conductive and radiative random walks at the Robin boundary condition. This is achieved through prob-
abilisation and a double randomisation technique, enabling the construction of a unified path that explores the domain to trace
known sources backward in time (Villefranque et al. (2022), Tregan et al. (2023)). The heat conduction equation in the solid
(like the building or ground materials) with Robin boundary conditions can be coupled to the Radiative Transfer Equation in
the transparent fluid medium (like the atmosphere) (Caliot et al., 2024). Convective heat exchange at the solid-fluid interface
(e.g. the sensible heat flux from buildings to the atmosphere) can also be taken into account. This is promising since it allows
to solve 3-D radiative transfer and 3-D heat conduction in the complex urban geometry with one unified algorithm and a high
degree of physical realism. To determine the wall temperature, the MCM incorporates the convective heat flux at the boundary,
as defined by Newton’s law of cooling. This law involves a known heat transfer coefficient and the fluid temperature. The
convective heat flux at the boundary is further influenced by the fluid flow near the boundary, which can be resolved using a

computational fluid dynamics (CFD) solver. The use of the MCM has the advantages that 1.) the computational time to solve
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the conductive-radiative-convective paths with the MCM does not depend on the complexity of the geometry (Villefranque
et al., 2022), 2.) the calculations allow to deal with large ranges of scales in the scene, i.e. the so-called teapot in a stadium
problem has been solved by the Monte-Carlo (MC) community, and 3.) the calculations are easy to parallelise.
The objective of this study is to present the coupling of the atmospheric model Meso-NH (Lac et al., 2018) that contains an
90 Immersed Boundary Method (IBM) to represent buildings or orography (Auguste et al., 2019, 2020) with the stardis Monte-
Carlo solver of conductive-radiative-convective heat exchanges to solve the energy budget of a complex urban geometry. The
initial version of the coupled model cannot deal with moist processes and is therefore evaluated for dry and sunny conditions at
the impervious Comprehensive Outdoor Scale MOdel (COSMO, Kanda et al. (2007)) urban-like site in the outskirts of Tokyo
(Japan). The coupling is presented in Sect. 2, the setup for the evaluation in Sect. 3, the results in Sect. 4. A discussion is made

95 in Sect. 5, and conclusions are drawn in Sect. 6.

2 Coupling between Meso-NH and stardis

The main idea of the coupling (Figs. 1 to 3) is that Meso-NH-IBM is used to solve the prognostic equations in the atmosphere
and writes meteorological forcing data required by stardis to disc. Stardis calculates the surface temperature of the ground
and immersed obstacles with a backward MC algorithm and accesses the meteorological forcing data that Meso-NH-IBM has

100 written since the beginning of the simulation.
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Figure 1. Temporal execution of the coupled Meso-NH-IBM-stardis with the time step of Meso-NH-IBM (At¢ying) used to solve the
prognostic atmospheric equations, the time step for writing the forcing data (Atrrc) and the time step for calculation of surface temperature

with stardis (Tsurt) (AtsTa).

Meso-NH-IBM Stardis

— Solves atmospheric prognostic Tsurt — Solves 3-D conductive-radiative-
equations of u, v, w, 6, ... — convective heat exchanges in complex

— Solves 1-D atmospheric radiative transfer urban geometry

— Computes cu — Computes Tsus

— Computes temperature tendencies due an e
to H from ground and obstacles based on Reads F
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Time (s)
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Figure 2. Data transfer between Meso-NH-IBM, stardis, and the disc. The data that need to be stored on disc are the positions of the ghost
(G) and image points (1), the time series of downwelling direct solar (SWa;,), diffuse solar (SWiir), and terrestrial infrared radiation LW
as well as air temperature (7"), exchange coefficient for sensible heat (cx ), and surface temperature (Zs,f) at the image points (). ¢, is the

time at which the forcing data are written.
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Figure 3. Example of a conductive-radiative-convective path that starts at t = 43200 s on the top of a cube at the interface between the cube
and the air. It receives direct radiation from the sun, then travels via heat conduction through the cube top solid to reach the interface between
the cube top solid and the internal air at ¢ =~ 26000 s. It further travels instantaneously via thermal radiation and convection in the cube
internal cavity. For the convection in the internal cavity, it is assumed that the fluid is perfectly stirred. At the interface between a solid and
the outdoor air, the path would end in the case a convective path is chosen; the convective heat flux is then taken into account in Meso-NH.
The path finally travels from ¢ ~ 26000 s to ¢ = 0 s via heat conduction through the cube wall. At ¢ = 0 s, the conductive path ends inside

the cube wall, and the cube wall material initial temperature is reached.

2.1 Atmospheric model Meso-NH with Immersed Boundaries

Meso-NH (Lac et al., 2018) is a mesoscale non-hydrostatic anelastic atmospheric research model. The prognostic equations are
based on the conservation of momentum, mass, energy, and humidity. The prognostic variables are the three velocity compo-
nents (u, v, w; recurrent symbols are given in Appendix C), the potential temperature (6), the subgrid turbulence kinetic energy
(e), and the mixing ratios of water vapour, hydrometeors, passive and reactive scalars. The discretisation is made following a
staggered Arakawa C grid and the coordinates follow the terrain. The turbulence scheme is based on a prognostic equation for
e, a mixing length closure, and a dissipation proportional to e.

Auguste et al. (2019) introduced an Immersed Boundary Method (IBM) into Meso-NH (Meso-NH-IBM) to allow for the
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representation of immersed obstacles, vertical walls, or steep orography that cannot be simulated using terrain-following co-
ordinates. With the IBM, the model domain is split into the fluid region in which the prognostic equations are solved and the
solid region. Meso-NH-IBM employs a discrete forcing approach and represents the solid-fluid interface by a level-set function
(¢). |#] is the distance to the solid-fluid interface. ¢ > 0 denotes areas in the solid region and ¢ < 0 areas in the fluid region. A
ghost-cell technique (GCT) is employed that prescribes values for the prognostic variables at ghost cells inside the solid region
such that a desired boundary condition at the solid-fluid interface is imposed. This could for example be a no-slip condition at
the solid surface for the velocity tangential to the solid (homogeneous Dirichlet condition) or a zero sensible heat flux at the
solid surface (homogeneous Neumann condition). Meso-NH-IBM is only compatible with Cartesian grids, thus any orography

has to be represented as an Immersed Boundary. The vector normal to the interface (1) can be calculated based on ¢ following

Vo

"= vl .

For each ghost point (G(z¢,ya, 2¢)) with ¢ = ¢¢, n layers of image points (I,,) in the fluid region are defined such that their
distance to the interface is proportional to the grid spacing (A). The vector from G to I,, (GI,,) is given by

GI, =n(®c+nA) for n € {0.5,1,2} @)
with
A=(A,A A7 3)

where A, A, and A, are the grid sizes in #—, y—, and z— direction, respectively. With the current Meso-NH-IBM imple-
mentation, the grid sizes in all directions have to be equal in the region with immersed obstacles (A, = A, = A, = A)

Since the I,, do not coincide with Meso-NH grid points, the prognostic variables (¥) need to be interpolated from the Meso-NH
grid to the image points (¥, ). Dirichlet (¥ 4—() or Neumann boundary conditions (A‘g—g |p=0) can be specified at the solid-

fluid interface. The value of the prognostic variable at the interface (¥ (¢ = 0)) can be written as a Robin boundary condition:

(6= 0) = knWymo+ (1 - kr) <W<¢=—”A>‘”Agw ) )
n|,—o

with kg = 1 for a Dirichlet boundary condition and kz = 0 for a Neumann boundary condition. The value of the prognostic

variable at the ghost point can be specified following

Vg=2W4_o— ¥y for a Dirichlet boundary condition (®))
ov
Vo= 2<I>a—n 4+ W; for a Neumann boundary condition (6)
$=0

In the following it is described how the conductive, radiative, and convective heat exchanges in a complex 3-D urban geometry

are solved to calculate the surface temperature of the ground and immersed obstacles as well as the sensible heat flux.
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2.2 Stardis Monte-Carlo solver of conductive-radiative-convective heat exchanges

Stardis (Villefranque et al. (2022), Tregan et al. (2023), Caliot et al. (2024), Caliot et al. (2026)) is employed in probe computa-
tion mode to calculate the surface temperature (75,,¢) of the ground and immersed obstacles (e.g. buildings) at probes located
at the solid-fluid interface and for a given time of interest (¢). For each first layer image point (/1) in Meso-NH-IBM, the closest
point on the solid-fluid interface is defined as the probe point corresponding to /7. As described in Caliot et al. (2026), mixed
conductive, radiative, and convective Monte-Carlo random paths are calculated backwards in time, starting at the probe points,

until a known initial or boundary condition is reached (Fig. 3). These boundary conditions are:

— For conductive heat transfer, the temperature in the deep soil (e.g. in 10 m depth) is prescribed as a Dirichlet boundary
condition. Furthermore, initial values (¢ = 0) of the temperatures of the solids (e.g. building walls, roofs, the ground) and

internal fluids (e.g. building indoor air temperature) are prescribed.

— For radiative heat transfer, the boundary conditions are the time series since the beginning of the simulation (¢ = 0) of

downwelling direct solar, diffuse solar, and terrestrial infrared radiative flux density at the top of the urban canopy layer.

— For convective heat transfer, the time series, since the beginning of the simulation, of sensible heat flux H;, between the

solid and the atmosphere is prescribed.

Given that the MC random paths are calculated backwards in time, the meteorological forcing data required for the calculation
of the sensible and radiative heat exchanges between the immersed obstacles and the atmosphere need to be stored on disc or
in memory (Fig. 1 and Fig. 2). In order to reduce the computational cost, temporal averages of the meteorological forcing data
instead of instantaneous values are stored. Furthermore, the solid surface temperature is calculated with stardis not for each
time step of Meso-NH-IBM, but for a larger conductive-radiative-convective time step. This choice is justified for two main

reasons:

— Obstacle-resolving simulations with Meso-NH-IBM are carried out in Large-Eddy Simulation (LES) mode at a very low
time step (0.01 s to 1 s). Therefore, the meteorological forcing close to the immersed obstacles (e.g. u, §) exhibits high-
frequency turbulent fluctuations (Fig. 2). It is assumed that it is not necessary to store these high-frequency fluctuations
during a building-resolving simulation of several hours or days. For example, assuming that the surface temperature of
a building wall shall be computed at ¢ = 129600 s (at noon on the second day of the simulation), this result will not be
influenced in a relevant manner by the turbulent # fluctuations close to the building or ground surfaces during the first
day of the simulation (e.g. at ¢ = 57600 s). The result will however depend on the average values of 8 during the first

day of the simulation since they will influence the sensible heat exchange between the buildings and the atmosphere.

— Stardis is not used at each time step of Meso-NH-IBM to update the surface temperatures, since for applications to urban

climate, these surface temperatures are unlikely to change very rapidly. This might lead to uncertainties for some types



170

175

180

185

190

195

https://doi.org/10.5194/egusphere-2026-2061
Preprint. Discussion started: 15 June 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

of surfaces (e.g. windows or vegetation leaves) for meteorological situations with rapidly changing solar irradiation (e.g.

cumulus clouds). In such cases, the time step for the conductive-radiative-convective exchanges could be reduced.
Under these assumptions, three different time steps (Fig. 1) are defined for coupled Meso-NH-IBM-stardis simulations:

— Aty is the time step used by Meso-NH-IBM to solve the prognostic equations of the atmospheric variables. It is

mainly governed by the wind speed and the grid size.

— Atpgc is the time step for writing the meteorological forcing required by stardis that are calculated based on the Meso-
NH-IBM prognostic variables. The meteorological forcing data are thus written every ¢ = k Atprc,k € [0..Nmax-

Npax 18 the maximum number of forcing time steps depending on the required simulation duration.

— Atgra is the time step for the calculation of Tj,¢ at the probe points with stardis.

For the simplification of the technical implementation, Atprc must be a multiple of Atying, and Atgta a multiple of Atggre.
The meteorological forcing data for stardis are averaged over Nprc Meso-NH-IBM time steps with

Atprc
AtyvNa

(7

Nrrc =

Stardis also computes the standard deviation of 7§t (o) at each probe point such as to quantify the uncertainty of the MC
1

TN with IV the number of realisations

based calculation. The MC algorithm shows a good convergence if o7 is proportional to

of the MC algorithm.
2.3 Meteorological forcing for stardis calculated by Meso-NH-IBM

For each t;,, Meso-NH-IBM writes the following data required by stardis to disc.

The calendar day (year, month, day) and time (in UTC) corresponding to this forcing time ¢.

The solar zenith and azimuth angle.

The domain-averaged downwelling direct solar, diffuse solar, and terrestrial infrared radiation at the top of the urban

canopy layer.

The air temperature at the image points.

The exchange coefficient for the sensible heat flux at the image points.

The skin surface temperature simulated by stardis for the previous conductive-radiative-convective time step (Tgurt(t —
AtsTa)).

The choice has been made to write Ty,.¢(t — Atgra ) to disc to be used as reference temperature (7¢) for the linearised infrared
radiative exchanges. Assuming a surface with broadband emissivity (¢ = 1) and surface temperature 7y,,¢, the emitted radiation

is given by

LWemit = UTsurf4 =4 UTsurf4 -3 O—T:urf (8)
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Due to the difficulty of the MCMs to deal with non-linearities, a linearisation of the infrared radiative exchanges around a

reference temperature (Tyer == Tyyrt) is made. In the case Tre is not too different from Ty, Eq. 8 can be written as:

3
LWemit ~4 UTrefS(Tsurf - zTref) (9)

For applications to urban microclimate modelling, the specification of a constant, uniform value of T} can lead to too large
deviations of this approximation from the real solution. This is because the solar irradiation can heat urban surfaces to 60 to
70° while they exchange infrared radiation with shaded surfaces that could be at 20 to 30° or the sky that could be even cooler.
For this reason, the Ty, values simulated at the last condutive-radiative-convective time step (t — Atga) are saved to disc

and used as T}f:
Tref(t) = Tsurf(t - AIJ/'STA) (10)

Domain-averaged values (indicated by the <> in the equations) of downwelling direct solar (< SWy;, >), diffuse solar
(< SWais >), and terrestrial infrared (< LW >) radiation above the urban canopy layer are used as top radiative boundary
conditions for stardis. They can be taken from the atmospheric model’s radiation scheme or from observations.

For each t, the downwelling radiation is time averaged (indicated by the overline) over the period from t — At prc + Atvnu

to t:
Nrrc—1

Z <SWdir(t—iAtMNH) > (11
1=0

< SWyiy > =
d Nrro

Nrrc—1

> < SWais(t —i Atywn) > (12)
=0

< SWair > =

Nrrc

1 Nrrc—1

Z < LW(t —1 AtMNH) > (13)
=0

<LW >=

Nrrc

For each t;, time averages of air temperature (T'), exchange coefficient for sensible heat (¢z7), and the surface temperature
simulated by stardis for the previous conductive-radiative-convective time step (Tsu,t(t — AtsTa)) at the image points of the
first layer (1) are written to the disc.

Ty, is calculated following

L 1 Nprc—1
Tr =+ > 05, (t—i Atyn) Ty, (E— iAtyn) (14)
FRC 2]

The Exner function (II) is given by

Ry

_ (P N\
- (£)

with p the local pressure, P, the ground level pressure of the reference state, I, the gas constant of dry air, and ¢, the specific

heat capacity at constant pressure of dry air. The calculation of the exchange coefficient is given in Appendix A.

10
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2.4 Calculation of the sensible heat flux in Meso-NH-IBM

The sensible heat flux at the immersed obstacles for a given image point (H,) is calculated in Meso-NH-IBM following

—_ TSLII‘ o
Hi, =y, < Hf’“ 911) (16)
I

A verification of energy conservation has been implemented to test whether the increment of 6 due to the IBM in Meso-NH is

consistent with the energy exchanged with the surface.
2.5 Current limitations and potential future improvements

The coupling between Meso-NH-IBM and stardis introduced here is only a first step and some of the most important limitations

are mentioned as follows.

A point value (at the probe point positions) of the solid surface temperature is calculated by stardis. To increase the
precision, stardis could be adapted to calculate an average surface temperature for all solid-fluid interfaces located in the

corresponding Meso-NH-IBM grid point.

— Time-averaged meteorological forcing data are used by stardis. This filters high frequency turbulent fluctuations, which
are assumed to not have a large influence on the probe temperatures. However, the results might depend on the selected

time step for writing the forcing data. A different time step might be appropriate for different applications.

— The meteorological forcing data that is accessed by stardis during the backward random conductive-radiative-convective
paths is located at the image point positions and only available for discrete time intervals. The random paths however
can reach any given point on the solid-fluid interface at any given time between the current time and the beginning of the
simulation. The choice has been made to use the closest forcing point and to interpolate linearly in time. Both choices

can introduce uncertainties.

— In stardis, the downwelling radiative flux densities at the top of the urban canopy layer do not depend on the position.
This approximation is useful for the simulation of a small domain like a district of a city, but it could not be applied for
domains larger than a few km. Furthermore, both the downwelling terrestrial radiation and the diffuse solar radiation are

assumed to be isotropic.

— The surface temperature is updated with a larger time step than the one used by the atmospheric model. This choice will
be good in most situations, but there could be cases with strong variation of solar irradiation (e.g. cumulus clouds) for

which this simplification is not valid.

— The backward conductive-radiative-convective paths can reach areas outside of the domain of the atmospheric model.
Therefore, the domain (e.g. the urban geometry) used by stardis must be larger than the one used by the atmospheric
model. Depending on the application case, appropriate strategies must be developed on how to extrapolate the meteoro-

logical forcing data to the areas outside of the atmospheric model domain. This uncertainty must be nuanced, since for
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an application to a real geometry, the building-resolving atmospheric model results could also be strongly influenced by

not well represented buildings outside of the model domain.

— Scattering and absorption of radiation in the urban canopy layer by the air, aerosols, or fog is not considered in the current

version of stardis. This could be an issue, especially for terrestrial radiation (Hogan (2019), Schoetter et al. (2023)).

— The indoor air is assumed to be perfectly stirred. The indoor air temperature evolves freely as a function of the conductive
and radiative heat fluxes through the building envelope. The value of ¢y for convection between the indoor surfaces and
the indoor air is set to a fixed value. The same is made for the thermal infrared emissivity (e) of internal surfaces, and the

reference temperature for indoor infrared radiative exchanges.

— No exchanges of air between the building indoor and the atmosphere are taken into account. These could be via infiltra-
tion through small holes in the building envelope, natural or mechanical ventilation. Such processes could be taken into
account by a modification of the MC algorithm, which would be useful given the high importance of such processes for

building energy consumption.

— Heat sources in the building due to internal heat release, heating or air conditioning are currently not taken into account.

They could be included via a modification of the MC algorithm.

— No humid processes like humidity in the walls and the ground, evaporation from puddles on the surface, or evapotran-
spiration by urban vegetation can be taken into account with the current model implementation. This should be a priority

for future developments to study adaptation measures to climate change in urban areas.

3 Evaluation for dry and sunny conditions at the COSMO urban-like outdoor scale model

Meso-NH-IBM has been evaluated against experimental data by Auguste et al. (2019) for 1.) the viscous flow around a circular
cylinder in a wind tunnel, 2.) the turbulent flow around a surface-mounted cube in a wind tunnel, and 3.) the turbulent flow in
the outdoor container array deployed in the framework of the Mock Urban Setting Test in Utah’s west desert (MUST, Biltoft
(2001); Biltoft et al. (2002)). These evaluation cases were with respect to neutral or near-neutral stratification. Stardis has been
evaluated by Caliot et al. (2026). Heat conduction has been evaluated against results of deterministic finite difference and finite
volume methods for 1.) a 1-D homogeneous slab, 2.) a 1-D slab with two homogeneous layers in thermal contact, and 3.) a
3-D thermal bridge as in a building wall.

In the present study, the coupled Meso-NH-IBM-stardis (named Meso-NH-IBM in the following) shall be evaluated against
experimental data representing an urban district for non-neutral atmospheric stratification. The Comprehensive Oudoor Scale
MOdel (COSMO) urban-like scale model is well suited for this purpose since it consists of concrete blocks, which mimic
heat storage like in a real urban environment and there is no vegetation nor human activity. Given that moist processes are
not included in the current Meso-NH-IBM, the focus is on dry and sunny conditions. In addition to the evaluation against

experimental data, the COSMO site is also simulated using the established urban canopy model TEB.
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3.1 The Comprehensive Outdoor Scale MOdel and experimental data

The COSMO physical scale model (Kanda et al., 2007) is located on the campus of the Nippon Institute of Technology in
Saitama Prefecture (36.02695°N, 139.704443°E) in the northern outskirts of Tokyo metropolitan region (Japan). The terrain
around the site consists of almost flat paddy fields and the distance to the nearest point on the Pacific Ocean is about 80 km
(West-North-West). At the site there is a 1:50 and a 1:5 model. Only results of the 1:5 model are investigated since following
Kanda et al. (2005), the 1:50 model is not similar to a real urban site in terms of thermal inertia. The 1:5 model consists of an
aligned array of 1.5 m side length cubes with 1.5 m distance between each cube. The extent of the arrary is 96 m x 48 m,
there are 32 x 16 cubes (512 cubes in total). The long side of the array is oriented in north-west (313° from North, clockwise)
to south-east direction (133°).

The array-averaged urban morphological parameters are A, = 0.25, A, = 1.0, and Hcan = 1.5 m. The same concrete mate-
rial with heat conductivity (A = 1.06 W m~! K1), volumetric heat capacity (c = 2.34 x 105 Jm=3 K~1) has been used for
the 0.1 m thick cubes and for the 0.15 m thick conrete plate covering the entire ground (Kawai et al., 2007). The surfaces are
covered with the same dark gray diffusive paint with broadband terrestrial infrared emissivity (e = 0.89), and broadband solar
reflectivity (o =~ 0.1).

Three 12 m flux towers are located on the site, in the present study only results from the central flux tower are investigated. Up-
and downwelling solar and terrestrial infrared radiative flux density is measured with a frequency of 1 Hz with an Eko MR-40
radiometer at 4.5 m height (3 X Hpean). A Kaijo DA600 (TR90-AH) sonic anemometer with a sampling frequency of 50 Hz
measures the turbulent fluxes of momentum and sensible heat at 3 m height (2 X Hyycan) using the eddy covariance method.
A vertical profile of air temperature is measured with a frequency of 50 Hz by bare thermocouples of 0.05 mm diameter each
0.2 m between 0 m and 8 m.

Thermal camera images from Morrison et al. (2018) are available for the period between June 16 2014 and September 26 2014
for the evaluation of the simulated surface temperature. The thermal cameras (Optris PI-160, Optris GmbH) output per-pixel
brightness temperature (7}) that relates to at-sensor 7-13 pm band radiance (L) that is radiometrically calibrated by the manu-
facturer with £2 K accuracy. Per-pixel T}, is converted to per-pixel skin surface temperature (75,,¢) using a modification of the
method presented in Morrison et al. (2018) (Appendix B). The cameras were installed on aluminium lattice towers in 6.8 m
and 7.0 m a.g.l.. The camera images are taken every 60 s, have 160 x 120 pixels with an effective resolution of 0.03 m x
0.043 m to 0.079 m x 0.111 m. The T4+ derived from the thermal cameras depend on the sky emissivity () in the cameras
spectral range accounting for differences in pyrgeometer (= 4 to 50 um) and camera (7 to 13 ym) spectral response. Given the
uncertainties of v, the values of 0.28, 0.38, and 0.48 have been tested; the value of 0.38 being the most likely for the selected
meteorological conditions (Idso, 1981). The surface materials € also influences the derived 7, and the initial paint could have
altered. Therefore, values of 0.84, 0.89, and 0.94 for € have been tested.

Inagaki and Kanda (2008) have shown that the roughness sublayer of the cubes extends to about 1.5 X Hyean. Therefore,
the flux measurements at the central tower at 2 X H 0., are above the roughness sublayer height. Inagaki and Kanda (2010)

further found that at 3 m height, the Reynolds stresses are constant with height, the mean wind profile is logarithmic, and the
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mean flow is horizontally homogeneous, which further corroborates that the eddy-covariance measurements at 2 X Hy e, are
representative of the constant flux layer. Kawai and Kanda (2010) investigated the closure of the urban energy balance at the
site and found that the nocturnal turbulent fluxes can be underestimated by up to 44%, especially in calm conditions with weak
turbulence. During the day, the turbulent flux measurements perform well. Furthermore, Kawai and Kanda (2010) found that
for all seasons, most of the net radiation is partitioned into the storage heat flux, thus the correct simulation of the heat storage
in the cubes and the ground is crucial to correctly represent the surface energy balance of the COSMO site. Kawai and Kanda
(2010) also found non zero latent heat fluxes at the site, which could be due to dew, stagnating rain water, or absoption of rain

water by the concrete.

3.2 Selected meteorological conditions and forcing preparation

The model evaluation is conducted for a hot, sunny, and dry period from August 19 0:00 (local time) to August 22 16:00 that
occurred during the time period for which thermal camera images are available. Between August 22 16:00 and August 23 0:00,
high wind speed occurred, leading to invalid sensible heat flux data. Therefore, this period is not simulated. No latent heat flux
measurements are available during the selected period. Fig. 4a presents the time series of the observed downwelling radiation
at 4.5 m height, Fig. 4b the average air temperature observed by the thermocouples between 4 and 6 m height (T (z = 5 m)),
and Fig. 4cd the wind speed and direction observed by the sonic anemometer at 3 m height (Uy(z =3 m) and v¢(z =3 m),
respectively). Partitioning of the observed total downwelling solar radiation into direct and diffuse has been made by using
the ratio between direct and diffuse radiation in the ERAS5 data (Hersbach et al., 2020). The time series of solar radiation is
characteristic of situations with few clouds with direct solar radiation reaching 700 to 850 W m~2 and diffuse solar radiation
reaching 180 to 250 W m~2 around solar noon. A few clouds are present, leading to short drops of direct solar radiation at
some instances. The downwelling terrestrial radiation flux density is linked to the daily cycle of near-surface air temperature.
Its lowest values of 420 W m~2 occur at the end of the night and its highest values of about 500 W m ™2 in the afternoon. T’
is high during the selected time period. The lowest T'r occur at the end of the night (5:00 local time) with 24 °C on August 19
and 26 °C on August 20-22. The daily maximum 7’ is reached in the afternoon and lies between 35.5 °C and 36.5 °C. Uy
is low during the night and morning with values below 1 ms~!. In the late afternoon, it rises to 2 ms~! on August 19 and
20, 1.5 ms™! on August 21, and above 2.5 ms~! on August 22. This is due to a sea breeze reaching the site. 77 is mostly

north-west to north, but it can shift to south-east in the evening and night due to the sea breeze.
3.3 Model configuration
3.3.1 Meso-NH-IBM

In the reference configuration (REF) employed in the present study, Meso-NH-IBM is employed to simulate an array of 4
x 4 cubes (Fig. 5a) of the COSMO site with a horizontal and vertical resolution of 0.15 m. There are thus 10 grid points

per cube side, which leads to a reasonable capture of the recirculation zones behind the cubes (Auguste et al., 2019). The
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Figure 4. Time series of the meteorological forcing observed at the COSMO site and used as forcing for Meso-NH-IBM from August 19

2014 0:00 local time (August 18 15:00 UTC) to August 22 2014 16:00 local time. (a): Downwelling radiative flux density taken from the

radiometers at 4.5 m height and ERAS, (b) air temperature at 5 m height taken from the thermocouples, (c) and (d): wind speed and direction

at 3 m height taken from the sonic anemometer. The radiative fluxes are available each 60 s, air temperature and wind each 1800 s.

lower-left border of the domain is placed in the middle between two cubes in both z- and y-direction, the edge of the first

355 cube is thus located at (z =0.75 m,y = 0.75 m). The model domain is flat and the grid Cartesian. The horizontal extent of

the domain is 12 m x 12 m (80 x 80 grid points). In the vertical direction, the grid size is kept contant (0.15 m) below a

height of 3 m. At higher levels, a grid stretching with a 25% increase of vertical grid size per grid point is applied. There are
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42 vertical grid levels, the model top is at 83.57 m height, and the vertical grid resolution reaches 15 m at the model top. No
prognostic equation for water vapour mixing ratio is solved, and the Coriolis force is not taken into account. The turbulence
mixing length is calculated following Honnert et al. (2021). The weighted essentially non-oscillatory discretisation of the third
order (WENO3) is used since it can deal well with strong gradients (Lunet et al., 2017) as they are induced by the Immersed
Obstacles. No additional numerical diffusion is activated due to the intrinsic diffusion of the WENO3 scheme. For the cube
and ground, an aerodynamical roughness length of 0.002 m is taken and the wall model described by Auguste et al. (2019) is
activated. Atyny is between 0.05 s in the afternoon and evening when the wind speed is highest and 0.1 s during the night
when the wind speed is lowest.

Cyclical bondary conditions are employed such that an infinite array of cubes is assumed. This is sufficient for the present study
dealing with evaluation of the conductive-radiative-convective heat exchanges with stardis. However, larger coherent structures
like the streaky structures with low momentum in the streamwise direction found by Inagaki and Kanda (2010) for the COSMO
site cannot be represented with the 4 x 4 cube configuration. No attempt has been made to simulate the surroundings of the
COMSO site with a coarser resolution model and to perform grid nesting to force the highest-resolution domain (as made in
Nagel et al. (2022) for the MUST site). This is because of the numerous uncertain parameters related to the large-scale forcing
data and the characteristics of the surrounding land cover. Instead, the Meso-NH prognostic u, v, and 6 are forced above 4 m to
the observed meteorological parameters above the cubes (Sect. 3.2, Fig. 4). The forcing is made via nudging with a relaxation
time constant of ¢,¢] = 5 s. Given that meteorological observations are not available for the entire height of the domain, the
observed data are extended in the vertical direction such as to obtain vertical profiles of forcing parameters covering the entire
model height (us(2),vs(2),07(2)). 0¢(2) is calculated based on T(z =>5 m) by assuming that it is constant with height
between 4 m and 100 m (Eq. 17). us(z) and vs(z) are calculated based on Uy(z =3 m) and v(z =3 m) by assuming a

logarithmic wind profile between 3 m and 100 m, and no vertical wind shear (Eq. 18 to Eq. 21).

0(z) = m for z € [4 m, 100 m] (17)

w, = w (18)
Us z

Uf(z) =—1n () for z € [3 m, 100 m)] (19)
K ZO,m

us(z) = —Us(z) sin(vs(z =3 m)) (20)

05(2) = ~Uy(2) cos(ys (= = 3 m)) @1

with u, the friction velocity, x = 0.4 the von Kdrmén constant, and zg ,, = 0.15 m the bulk momentum roughness length.

Vertical profiles between 4 m and 100 m height of the forcing variables us(z), us(z), and 6;(z) averaged over 30-minute
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Figure 5. (a): Instantaneous field of 6, u, and v simulated by Meso-NH-IBM at ¢ = 43200s in the full simulation domain covering with 4 x
4 cubes of the COSMO array. Meso-NH-IBM employs cyclical boundary conditions. (b) Embeddedness of the Meso-NH-IBM simulation

domain in the stardis simulation domain which consists of a 24 x 24 cubes array to mimic an almost infinite array.

time periods are provided to Meso-NH-IBM. These are interpolated linearly in time and space in Meso-NH. Above z =4 m,
the domain averages of the prognostic variables (< ¥ >) are nudged towards the corresponding forcing variable (¥ ;) with the
relaxation time 7}, following
AV <O > Ty
Atynn trel

(22)

By nudging the domain averaged prognostic variables, high-frequency turbulent fluctuations are less influenced by the nudging.
No atmospheric radiation scheme is activated in Meso-NH-IBM. Instead, the observed downwelling direct solar, diffuse solar,
and terrestrial infrared radiation are prescribed and interpolated linearly in time.

With the employed cyclical boundary conditions and forcing reconstruction between 4 m and 100 m, it is implicitly assumed
that the array of cubes has an infinite extension. With this setup, the meteorological conditions simulated above about 4 m
height will not match the real ones, since the internal boundary layer of the real cube array does not extend higher. However,

in the current study, only the surface energy balance and the temperature profiles below 4 m height will be evaluated.

3.3.2 Stardis

The stardis simulations are fed with the meteorological forcing data at the image points in the 12 m x 12 m Meso-NH-IBM

domain. The radiative and convective random paths can reach areas outside this domain. Therefore, the stardis simulation is
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conducted for an extended cube morphology with 10 lines of cubes added in both x- and y-direction (Fig. 5b). In the case a

random path reaches the surface outside the Meso-NH-IBM domain at the postion (Zous,Youts Zout ), itS position is corrected

following

Zshite = max (mod(Zout, 12), mod(zout, 12) + 12) (23)
Yshitt = max (mod(Yout, 12), mod(yous, 12) + 12) (24)
Zshift = Zout (25)

with mod denoting the modulo operation. This position shift assumes the same flow is present in adjacent 4x4 cube groups.
A ground body of 10 m depth made of the same material as the cubes is simulated in stardis. This differs from the real site
for which the concrete plate extends to only 0.15 m depth. The material parameters for the cubes and the ground body are
1.06 Wm~! K~ for heat conductivity ()), 2340 kg m~3 for density (p,,), 900 Jkg ™! for specific heat capacity (c,,)), 0.89
for €, and 0.14 for a. « is set to a higher value than the one (o = 0.11) reported by Kawai et al. (2007), since dirt, moss, and
lichens have altered the initial painting of the cubes and ground. Simulations have been conducted with HTRDR-Urban (Caliot
et al., 2023) for the selected time period to test which « yields the best results for the observed upwelling solar radiation.
The best results are obtained for av = 0.14 intead of oz = 0.11 (not shown). The surface roughness multiplier (z;ough) in the
calculation of the exchange coefficients is set to 1.52, the value for concrete ! 1t is assumed that all surfaces are Lambertian.
Initial values need to be prescribed for the temperature of the different solids (cube top, cube walls, ground), and the interior
air temperature. These are taken from a TEB simulation (Sect. 3.3.3) that is started on August 16 0:00. The solid temperatures
simulated by TEB on August 19 0:00 are taken as initial values for stardis. The initial values are 309.2 K for the cube top,
310.6 K for the cube walls, 310.2 K for the ground body, and 312.1 K for the interior air temperature. The value of the ground
body initial temperature of 310.2 K is imposed as Dirichlet boundary condition at the bottom of the ground body in 10 m
depth. Zero heat flux Neumann boundary conditions are imposed at the lateral boundaries of the ground body. The reinjection
length (dp) used in the conduction algorithm (Caliot et al., 2024) is set to §, = 0.004 m. This means that a linear temperature
profile between the surface of the solids and a depth of 0.004 m in the solid is assumed.

The number of realisations of the MC simulations (V) is set to 2000 for each probe point between 6:00 and 18:00 local time

and to 1000 otherwise. This is because the largest random fluctuations in the MC simulations are due to the solar radiation.
3.3.3 Simulations with the urban canopy model Town Energy Balance TEB

Since the geometry of the COSMO site is simple, it can be simulated with the TEB urban canopy model without introducing
many uncertainties compared to Meso-NH-IBM. The TEB urban morphology parameters and material characteristics are set
exactly the same as those of the COSMO site, the building energy model in TEB is configured such as to have neither heating,
air conditioning, ventilation, nor infiltration. Rain in the forcing data is set to zero. The calculation of the exchange coefficients

for sensible heat have been rendered identical to those in Appendix A. The only shortcoming of TEB is that it assumes a

Uhttps://bigladdersoftware.com/epx/docs/8-1/engineering-reference/page-020.html
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street canyon instead of a cube urban geometry. Uniform orientation of the street canyon is assumed. The TEB simulations are
conducted from August 16 0:00 local time to August 22 23:00 local time. The TEB results are compared to the Meso-NH-IBM

ones in Sect. 4.
3.4 Sensitivity of results to choices in the model configuration

The Meso-NH-IBM simulations are conducted with 7 different model configurations:

The reference simulation (REF) is made as described in Sect. 3.3 with Atprc = 60 s, and AtgTa = 300 s.

— Two simulations (DL2 and DL8) are made with the reinjection length in stardis modified to §, = 0.002 m and J, =

0.008 m, respectively.
— The MTO300 simulation is made with a less frequent writing of the meteorological forcing data (Atprc = 300 s).

— The STD60 simulation is made with more frequent calculation of conductive-radiative-convective heat exchanges (Atgra
60 s).

— For the 20P simulation, the Meso-NH-IBM grid resolution (A) is refined by a factor of 2 to 0.075 m or 20 grid points
per cube side. For this simulation, Atyny also needs to be reduced by a factor of 2. The horizontal grid is 160 x 160

points, and the number of vertical grid points is 66.

— For the 4REA simulation, the number of realisations in the MC algorithm (V) is increased by a factor of 4 to 8000 (6:00
to 18:00 local time) and 4000 (18:00 local time to 6:00 local time). This allows to test whether the convergence of the
MC algorithm is correct. The standard deviation of the individual probe surface temperatures should decrease by a factor

of 2 when N is increased by a factor of 4. The results for the convergence of the algorithm will be presented in Sect. 5.2.

4 Results
4.1 Sensible heat flux

Fig. 6 shows the time series (1800 s averages) of the simulated and observed sensible heat flux () for the 20P configuration.
The observed H lies between 20 Wm ™2 and 50 W m~2 during the night and reaches 180 to 200 Wm ™2 during the day.
The positive nocturnal H values are consistent with what can be expected in a real urban environment, which shows that the
COSMO scale model surface energy balance resembles that of a real urban area. Valid observed H data are not available for
all instances and they can show considerable fluctuations. The numerical models Meso-NH-IBM and TEB simulate almost
the same values of H. Compared to the observations, they simulate slightly higher H during the night. This could be due to
the underestimation of H by the eddy covariance measurements for the nocturnal low speed wind conditions. Both numerical
models also simulate slightly higher values of H around noon during the first two days. This could be due to residual humidity

from previous rainy periods that is not taken into account by the numerical models. No systematic overestimation of H by the
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Fig. 7 displays the time series of H simulated by Meso-NH-IBM for the REF, 20P, DL2, DL8, MTO300, and STD60 model
configurations. The differences between the REF configuration and those with different reinjection distances in stardis (DL2,
and DLB) or those with different Atgprc (MTO300) or AtsTa (STD60) are very small, which is an important hint that the
coupled Meso-NH-IBM stardis results are robust against changes in these parameters. However, all configurations with the
coarser grid resolution in Meso-NH-IBM (REF, DL2, DL8, MTO300, and STD60) simulate about 5% higher H values at noon
compared to the 20P configuration. Given the comparison with TEB and the observations (Fig. 6), it can be concluded that the
coarser grid resolution in Meso-NH-IBM slightly deteriorates the results around noon. This is consistent with Auguste et al.
(2019) who showed that Meso-NH-IBM agrees better with experimental data for the flow around a surface-mounted cube when
20 or even 40 grid points per cube side length are used instead of 10. Therefore, the slightly better results for 20P compared
to REF might be due to the better simulation of the prognostic atmospheric variables by Meso-NH-IBM. Given the very high
computational demand for the 20P configuration it is however unrealistic that such a high resolution (e.g. A = 0.25 m for the

simulation of a low-rise residential district with H,,c,, = 5 m) would be used in urban climate modelling applications.
4.2 Comparison of skin surface temperature and exchange coefficient between Meso-NH-IBM and TEB

The simulated H depends on the simulated exchange coefficient for sensible heat (cfr), forcing air temperature (7'), and surface
temperature (7g,,¢). The time series of these parameters are displayed in Fig. 8 for Meso-NH-IBM (20P configuration) and
TEB. For TEB, the displayed values represent one single computational node whereas for Meso-NH-IBM they represent the
average of all image or probe points corresponding to the different facets. These facets are defined as the cube tops (2probe =
1.5 m), the cube walls (0 m < zprobe < 1.5 m), and the ground (zprone = 0 m). The time series of Tt for the cube top and
the ground agree almost perfectly between TEB and Meso-NH-IBM. The T4,,+ of the cube walls is 3 to 4 K higher for the
time period around noon with Meso-NH-IBM than with TEB. This could be due to the cube orientation. Given the rotation
of the cube sides by 47° left of the South-North axis, the sun in the South almost optimally irradiates the cube walls around
noon. This might lead to the higher average Ty,,¢ for the cube walls for Meso-NH-IBM than for TEB, which assumes a street
canyon with random orientation. The 7" of the cube top and cube walls seen by Meso-NH-IBM is almost equal to the one seen
by TEB, except for the period around noon with the strongest solar irradiation. During this period, 7" is 1 to 2 K higher with
Meso-NH-IBM than with TEB. This is because in the obstacle-resolving Meso-NH-IBM, the forcing is taken from the grid
point adjacent to the very hot surfaces whereas with TEB the forcing is further away from the surface. The cy at the ground is
almost the same in Meso-NH-IBM and in TEB. For the cube walls, it is slightly lower during the day in Meso-NH-IBM than
in TEB. This is due to a lower average wind speed close to the cube walls in Meso-NH-IBM than in TEB. For ¢y at the cube
top, Meso-NH-IBM and TEB agree well during the night and morning. However, 20% higher values of cy are simulated by
Meso-NH-IBM than by TEB in the afternoon. This is because the sea breeze (Fig. 4) flow is accelerated close to the cube tops
in Meso-NH-IBM (Fig. 2), which cannot be represented with TEB.
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Figure 7. Time series of the sensible heat flux (H) simulated by Meso-NH-IBM with different model configurations. REF corresponds to

A =0.15 m, Atprc = 60 s, Atsta = 300 s, and §, = 0.004 m. For DL2 and DLS, 6 is set to 0.002 m and 0.008 m respectively. For

MTO300, Atrrc is set to 300 s. For STD60, Atgra is set to 60 s. For 20P, A is set to 0.075 m.

4.3 Vertical profiles of air temperature

Time averages over 30 minutes of the simulated and observed vertical 6 profiles are calculated and displayed for different
times of the day for August 19 2014 (Fig. 9), August 20 2014 (Fig. 10), and August 21 2014 (Fig. 11). The Meso-NH-IBM
results are displayed for the REF, MTO300, STD60, and 20P configurations. The results for the DL2 and DL8 configurations

are not shown since they do not differ from those of the REF configuration. Observed and simulated 6 decrease with height

500

during both daytime and nighttime. This is consistent with the positive H for all times of the day (Fig. 6) for the urban-like
COSMO scale model. The observed 6 difference between 5 m and just above the ground is about 1 K in the nighttime and
505 2-3 K between 12:00 and 16:00 when H is highest. The observed 6 profiles often display a relatively linear increase between
3 to 4 m and the surface and do not always show a marked inflection point around the height of the cubes. However, there are

exceptions. For some instances, # increases between 3 to 4 m and 1.5 m (the cube height), remains constant between 1.5 m
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Figure 8. Time series of the surface temperature (7.t ), forcing air temperature (7') and exchange coefficient for sensible heat (cz) simulated

by the urban canopy model Town Energy Balance (TEB) and the building-resolving model Meso-NH-IBM (20P configuration) for the cube

tops (Tsurt,t» T4, ca,e), the cube walls (Tsurf,w, Tw, ¢H,w), and the ground (Tsurt,g, Ty, CH,g)-

and about 0.5 m, and starts to increase again below 0.5 m. The most marked examples are August 19 16:00 and 18:00, August
20 0:00, 2:00, 10:00, and 20:00, August 21 10:00, 12:00, and 16:00. The phenomenon therefore occurs during both the night-

510 and the daytime. For all three days, the observations show the formation of an inversion around 8:00. The cube tops and the
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upper parts of the cube walls seem to heat the air between 1 and 2 m height, leading to a local maximum of 6 at the height of
the cubes. The atmospheric stratification becomes stable below the cube height.

The simulated 6 profiles generally agree with the observed ones. Similar to the observations, § most frequently increases almost
linearily between 3-4 m and the ground. However, as in the observations, there are instances when 6 becomes almost constant
with height between 0.5 m and 1.5 m. Discrepancies between the simulated and observed profiles sometimes arise because the
model simulates a constant 6 between 0.5 m and 1.5 m, but the observations dont, and vice-versa. This might not be due to a
model deficiency but only due to internal variability of the wind and temperature that cannot be timed correctly by the model.
A clear deficiency of Meso-NH-IBM is identified. It does not capture the formation of the local maximum in 6§ around the
cube height around 8:00 and the formation of a stable stratification in the air layer below the cube height. The reason for this
deficiency of Meso-NH-IBM could be that a much finer vertical resolution is required to reproduce this feature. However,
only little difference is found between the results at finer resolution (20P) and the REF ones. Another potential reason is the
neglect of atmospheric scattering and absorption by stardis. The warm surfaces on the cube sides might heat the air in between
the cubes due to the absorption of terrestrial infrared radiation by the air, which cannot be represented by the current model
version.

No relevant differences between the simulated vertical profiles are found for the different model configurations.
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Figure 9. Vertical profiles of potential temperature (#) simulated by Meso-NH-IBM and observed by the thermocouples (OBS) for August

19 2014. The simulated and observed values are averaged for the 30-minute time interval centered on the displayed time. No observations

are available for 10:00 and 12:00 local time.
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4.4 Thermal camera images of surface temperature

Stardis is used to render the thermal camera images from the position of the cameras with their specific resolution and field of
view with 4000 samples per pixel. The meteorological forcing from the 20P configuration is used. Stardis has been modified
such as to set the emissivity of the ground surfaces to e = 1 at the first contact of the radiative random paths (starting at the
camera position) with the geometry. This allows to obtain the material surface temperature (7g,,¢) instead of 7T3. The simulated
values are compared with the T, + obtained form the thermal cameras for different values of € and v (Appendix B). The
images are compared for August 21 2024 at different times of the day with thermal camera C26 (Fig. 12) and C57 (Fig. 13)
for e = 0.89 and v = 0.38, which are the most plausible values of these parameters. No camera value is provided for the cubes
edges since the algorithm to convert the observed T}, to Tg,,¢ is not reliable there.

During the night, the cube top is the coolest for both stardis and the thermal cameras, which is due to the sky-view factor of
1. The sides of the cube tops and especially the edges of the roof tops exhibit the lowest simulated Tg,,¢. The cameras also
show this feature. The cube walls exhibit the highest 75+ during the night since their sky view factor is quite low. The ground
Tyure 1s in between the cube top and the cube wall Tg,,¢. At the beginning of the night (especially at 22:00 local time), the
coolest (warmest) surfaces on the ground are those that have been in the shade (in the sun) during the late afternoon. Both
stardis and the cameras show this feature. At the end of the night (e.g. 4:00 local time), the highest Ty, are found in the
corner between the wall and the ground since here the sky-view factor is minimal, thus limiting radiative cooling. Overall the
agreement between stardis and the cameras is good during the night; the differences are within 2 K. The camera values for
Turt of the cube tops can differ by about 2 K for different cubes, which is probably due to the dirt or moss that is present there.
After sunrise, the sunlit cube sides heat quickly (especially at 6:00) and after 8:00 the cube tops and the sunlit areas on the
ground heat rapidly. Stardis represents very well the temporal evolution of the sunlit and shaded areas on the cube walls and
the ground. However, after 10:00 the simulated 75, become considerably higher than the corresponding camera values. The
difference can become as large as 10 K for some roofs at 12:00 and 14:00. The thermal camera values can differ by 5 K
between different roofs, thus showing that there is some uncertainty related to these values.

During the daytime, the highest T}, are simulated at the edges between the sunlit wall and the roof and the lowest T, in the

corners between the bottom of the shaded walls and the shaded ground. Both stardis and the camera images show this feature.
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20 2014. The simulated and observed values are averaged for the 30-minute time interval centered on the displayed time.
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Figure 11. Vertical profiles of potential temperature (6) simulated by Meso-NH-IBM and observed by the thermocouples (OBS) for August

21 2014. The simulated and observed values are averaged for the 30-minute time interval centered on the displayed time.
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To analyse the sensitivity of T, derived from the thermal camera observations on € and v, the time series of Tg,,¢ averaged
over the pixel from the camera images belonging to the cube tops, the cube walls, and the ground simulated by Meso-NH-stardis
and observed by the cameras are shown in Fig. 14 for 9 combinations of plausible € (0.84, 0.89, and 0.94) and v (0.28, 0.38,
0.48). The results show that around noon, the Ty, values simulated for the cube top, cube sides, and the ground are higher
than what can be explained by the uncertainty of the thermal camera values. For the other times of the day, the simulated Tt

values lie inside the range of observed Ty, .

30



https://doi.org/10.5194/egusphere-2026-2061
Preprint. Discussion started: 15 June 2026
(© Author(s) 2026. CC BY 4.0 License.

0:00 stardis 0:00 camera

S T v

\".f \\ « ﬁ =

N

/u“\ Y .’
4:00 camera

SN
“"’"&r hﬂ"@rﬁ
‘t\(‘\ < ﬁ‘n

AN

8:00 camera

335.0
3325

W 330.0
3275 .
15250 &
3225

320.0

317.5 [

g
et~ ‘

20:00 stardis

-
o

20:00 camera

R s
i

ey

» R

Figure 13. Rendering of the skin surface temperature with stardis using the meteorological forcing from the 20P configuration and compari-

EGUsphere®

2:00 camera

N Py
312 i‘sn‘ré / zz
Bt i

302

10:00 camera

5{\%"‘."‘ | !

14:00 camera

NN Lty
AL s

18:00 camera
AT
»

NS
Ny
-

312

son with the skin surface temperature derived from the observations with thermal camera C57 for August 21 2014.

31



https://doi.org/10.5194/egusphere-2026-2061
Preprint. Discussion started: 15 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Camera C26, cube top Camera C26, cube wall Camera C26, ground

346
354 + © Meso-NH 2~ £=0.89,v=0.28 + £=0.94,v=0.38 339 © Meso-NH 2 £20.89,v=0.28 + £=0.94,v=0.38 344 - © Meso-NH 2 £20.89,v=0.28 + £=0.94, v=0.38
352 A £=0.84,v=0.28 + 0.38 x £=0.94,v=0.48 337 4 A £=0.84,v=0.28 + 0.38 x £=0.94,v=0.48 A £=0.84,v=0.28 + 38 x £=0.94,v=0.48
350 + £=0.84,v=0.38 , v=0.48 + £=0.84,v=0.38 , v=0.48 342 + £=0.84,v=0.38 , v=0.48
348 - x £=0.84, v=0.48 A £=0.94,v=0.28 335 - x £=0.84,v=0.48 & £=0.94,v=0.28 340 x £=0.84,v=0.48 & £=0.94,v=0.28
346 333 338
344 . ° N 336 4
342 . ° 331 . .
340 4 e . 329 N 3347 oo .
338 ad, % +x 332
336 i 1, 24 3271 . . 3307 :
334 581 ces i 325 4 . . . 228 ) . :
- x a + o X x 3
22237 ?,Q? + [} 30’: 2323* o . ° 23267 ‘.‘; GH- ';%.
= 328 T oea s # N < 321 - . 4 se fe — 324 Tes I W
3326 ER o g 2310 4 2 £ 53224 oy i . 3 %
a . N [} »319 ¥ R H o 4 o * $ s 4
324 . 4 P ie se2, s, = 320 PR s, i1
322 S Y S e 1 -0 i i E R I R s 3
320 4 I'H 3 o : o 315 4 st Ho (PR o of ] H 3, LI
3207 S S SO S N N i PR 316 L i i3
s v ! $, ¢ i 313 [ TS S T | 314 ot IS PO S %
316 - $ xa 3 sha % o x ° H i Fa H H is, H s, 2 i3
314 H L E ST LES [ 53 311 L SR ai 4 * 312 . o it i ’sé‘ H [
312 4 x l4at Silea 3 il H 2} 2 310 - a 1 TTN 2iva,t +
N L SR ' 4 309 i a8 $ fa804e } 54
3104 5,.% FE [T H %;% i4e 308 4. £ L3 I ’:gg
308 o x++ i;: [$3 074, 48 ’%% 306 842e te, 4
306 1% ] 13 305,41 {1 ¢
304 185; 1 L4 304 4y
3024 #% 303 + 302
300 T T T 301 T T T 300 T T T
2014-08-19 2014-08-20 2014-08-21 2014-08-22 2014-08-19 2014-08-20 2014-08-21 2014-08-22 2014-08-19 2014-08-20 2014-08-21 2014-08-22

Camera C57, cube top Camera C57, cube wall Camera C57, ground

354 1 © Meso-NH £ €=0.89,v=0.28 + £=0.94,v=0.38 343 © Meso-NH £ €=0.89,v=0.28 + £=0.94,v=0.38 351 1 © Meso-NH £ €=0.89, 28 + €=0.94,v=0.38
352 4 2 £=0.84,v=0.28 + 0.38 x £=0.94,v=0.48 341 o 2 £=0.84,v=0.28 + 0.38 x £=0.94,v=0.48 349 4 2 £=0.84,v=0.28 + 38 x £=0.94,v=0.48
350 + £=0.84, v=0.38 0.48 + £=0.84, v=0.38 0.48 347 1 + £=0.84,v=0.38 48
348 x £=0.84,v=0.48 A £=0.94,v=0.28 339 1 x £20.84,v=0.48 A £=0.94,v=0.28 345 | x £20.84,v=0.48 & £=0.94,v=0.28
346 4 337 4 343 4
344 | . o . 335 - 341 -
342 :, i .e 333 .. . 339 : .
Eorl i It it 331 4 s . 337 | o .
336 1 sof s I 329 4 . . . = .
334 L 4,2 3 327 - N *
B 14 3te, 325 - : i ! 2] i i :
' 330 M ok < ofyt °44 < 329 7 3 * H
<328 - o s s X323 Ll §’*, %’i <357 47 o ae otie
326 s EE 7Y L <321 %* % * 2° £ 325 N : e
2 - M * « " - *
F%l o L to. oy, =319 ‘o H . i 3] $ PO $ !
350 4 [ . 23 N s 317 4 $ $ B SN I 319 1 $ 4 H 3 ity
N : x H i
3184 ¢ it 3 LI M $4 315 H i; o it 317 [ * tot
316 4 H gae H Sla H e 313 N H g ’2 z *3 315 LS | I3 ’2
EiVE I iia g e b sud i S A I+ * 313 KD s e o
3127 $ $i5a8 ’ifn H 309 - + st W 311 4 *ix, H i1 £ +
- a oX, ¢+ a
3104 M HED ] e 3 309 J ¢ *,g.né LH I
308 . TH MM 307 s f i1 18y
3061+ £23 s8¢ 3057§ . ' 307 71%. .4 ’;% 3
3044:% ¢ £ 2054t 305,14 '
30274 pos i 303+ "4y
300 4 1 301 1
298 T T T 299 T T T 299 T T T
2014-08-19 2014-08-20 2014-08-21 2014-08-22 2014-08-19 2014-08-20 2014-08-21 2014-08-22 2014-08-19 2014-08-20 2014-08-21 2014-08-22

Figure 14. Time series of average 7.+ on the cube tops, the cube walls, and the ground in the thermal cameras’s field of view simulated
by Meso-NH-IBM and observed by the thermal cameras. For the thermal cameras, different values of the surface emissivity (¢) and the sky

emissivity (v) have been used to derive Ty, s from 7y.
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5 Discussion
5.1 Results of model evaluation

Evaluation of Meso-NH-IBM coupled to stardis for the dry hot period at the COSMO site has shown that the time series of H
and the vertical profiles of € in the urban roughness sublayer are well simulated. A noted exception is the period after sunrise
when the highest 6 values are observed around the height of the cubes and lower ones below, which Meso-NH-IBM does not
reproduce. A higher resolution might be necessary to capture this phenomenen. Another potential reason is the neglect of the
interaction of infrared radiation with air in the urban canopy layer in stardis. The evaluation against the thermal camera images
shows that stardis captures well the interaction of radiation with the geometry. However, higher than observed values of Ty, ¢
are simulated around noon.

Sensitivity studies with different model configurations have been made to demonstrate that the results are insensitive to settings
related to the coupling. These are the frequency for writing the meteorological forcing data, the time for updating the surface
temperature, and the re-injection distance used for the heat conduction in stardis. Increasing the resolution of Meso-NH-IBM
from 10 points per cube side to 20 points per cube side leads to slightly better results, which is consistent with Auguste et al.
(2019) who showed that the flow around a single cube is better simulated with 20 points per cube side than with 10.

A relatively large difference between the 75+ simulated by Meso-NH-IBM and the observed 75, by the thermal cameras is
found around noon. Here the simulated Ty, are overestimated by 5 to 10 K. The comparison between Meso-NH-IBM and
the TEB results shows that this is not due to a shortcoming of the MCM or the coupling, since for the cube top, almost the
same Tg,,+ are simulated by the two models which are based on very different methods. The difference in 75+ compared to
the thermal cameras is therefore probably due to the material characteristics (e.g. €) or the exchange coefficient (cgr), which is

shared by both models.
5.2 Convergence of the Monte-Carlo algorithm

The convergence of the MC algorithm is quantified by investigating the standard deviation of skin surface temperature (o)
calculated for the REF configuration and the 4REA configuration for which IV has been increased by a factor of 4 compared
to REF. The time series of the average values of o for the cube tops (o7;), the cube walls (o7y,), and the ground (o7,) are
displayed in Fig. 15. For all facets, discontinuities of o with a decrease of a factor of /2 at 6:00 local time and an increase
of a factor of v/2 at 18:00 local time is found. This can be expected given the factor of 2 higher number of N between 6:00
and 18:00 local time. For the REF configuration, o lies between 0.3 and 0.5 K during the nighttime and can reach 0.7 to 0.8 K
during the daytime. The solar irradiation during the daytime causes the higher o values then. In hindsight, the higher number
of N could have been maintained until 20 or 22 local time since high ¢ values prevail between 18:00 and 22:00 local time. The
convergence of the Monte-Carlo algorithm is excellent, since the o values for 4REA are almost exactly a factor of 2 lower than
those for REF.
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Figure 15. Time series of the standard deviation of the skin surface temperature calculated by stardis averaged over the cube top (o7+), the
cube walls (o7), and the ground (or,). For the REF configuration, the number of samples is 2000 from 6:00 to 18:00 local time and 1000
from 18:00 local time to 6:00 local time. For the 4REA configuration, the number of samples has been multiplied by 4. REF/2 denotes the o
values from the REF configuration divided by 2. Good convergence of the MC algorithm is achieved when o is reduced by a factor of 2 for

a factor of 4 higher number of realisations.

5.3 Computational cost and its resolution dependency

The computational cost has been quantified for the different configurations in terms of wall-clock time and total cpu time as
reported by the Slurm Workload Manager (Tab. 1). The total CPU time is the wall-clock time multiplied by the number of
computational nodes and 128 tasks for each node. All stardis simulations have been conducted on 10 nodes. The Meso-NH
simulations have been conducted on 2 nodes, except for the 20P configuration for which 4 nodes have been used. The Meso-
NH simulations have a very similar computational cost except for STD60 and 20P. For STD60, the more frequent writing and
reading of model restart files increases the computational cost by 20%. For 20P, the wall-clock time of the Meso-NH simulation
is increased by a factor of 5.6 compared to REF. However, due to using 4 nodes instead of 2, the total cpu time is increased by
a factor of 11.2. This is no surprise given the doubling of the number of grid points in all 3 dimensions and the reduction of the
time step by a factor of 2. Furthermore, the pressure solver takes more iterations to reach the same precision of the residual for
20P than for REF.

For stardis, the relative differences of wall-clock time and total cpu time between the different configurations are equal since
the same number of nodes has been used for all configurations. The computational cost is increased by 33% for DL2 and
reduced by 20% for DL8 compared to REF. Given that no deterioration of model results has been found for DL8 compared
to REF or DL2, the larger value for the re-injection distance could be used. For MTO300, the computational cost is reduced
by 12% compared to REF, which is due to the lower volume of meteorological data that needs to be loaded. Given that the

performance for MT0300 is similar to that for REF, the less frequent writing of the meteorological forcing can help to reduce the
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Table 1. Computational time for the different configurations.

Configuration =~ Wall-clock time, Meso-NH [s] ~ Wall-clock time, stardis [s]  Tot. CPU time, Meso-NH [s] =~ Tot. CPU time, stardis [s]

REF 6.52 x 10° 2.50 x 10° 1.67 x 10% 3.20 x 108
20P 3.66 x 10° 1.45 x 10° 1.87 x 10° 1.85 x 10°
DL2 6.52 x 10° 3.33 x 10° 1.67 x 108 4.26 x 108
DLS8 6.50 x 10° 2.01 x 10° 1.66 x 108 2.57 x 10®
MTO300 6.52 x 10° 2.19 x 10° 1.67 x 10% 2.80 x 10®
STD60 7.88 x 10° 1.15 x 10° 2.02 x 108 1.47 x 10°
4REA 6.65 x 10° 4.99 x 10° 1.70 x 10® 6.39 x 108

computational cost. For STD60, the computational cost is increased by a factor of 4.6 compared to REF. This high increase of
computational cost is not matched by a relevant improvement of model results. For 4REA, the computational cost is increased
by a factor of 2. This is much lower than the increase of the number of realisations (factor of 4), indicating that a lot of time
is spent on loading the meteorological forcing data, the building geometry files, and the distribution among processors. 4REA
leads to higher precision of Ty, for individual probe points, but does not improve the average H or vertical profiles of 6. For
20P, the computational cost increases by a factor of 5.8 compared to REF. This is because the number of probe points increases
by a factor of about 4, and a larger volume of meteorological forcing data needs to be read from disc.

The part of the total computational cost required for the calculation of conductive-radiative-convective heat transfer with
stardis decreases at higher resolution, since stardis is only employed on the nearly 2-D interface between the city and the
atmosphere instead of the 4-D (3 spatial dimensions and time) of the Meso-NH-IBM simulations. For the 10P configuration,
stardis accounts for 65% of the total CPU time, whereas for 20P, this has decreased to 50% of the total CPU time. Based on this
result it can be expected that the computational time required for stardis will have a smaller percentage for larger simulation
domains.

Given the results of the model evaluation (Fig. 8), even larger values of ATgta and § could be tested to further accelerate the

simulations.

6 Conclusions

The present study has introduced the coupling between the atmospheric model Meso-NH with Immersed Boundaries to rep-
resent builings and the stardis MC solver of conductive-radiative-convective heat exchanges. Meso-NH solves the prognostic
equations of the atmospheric variables whereas stardis calculates the surface temperature of urban materials and the ground

with a unified MC algorithm taking into account 3-D radiative exchanges in the urban geometry, heat conduction in the build-
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ing and ground materials, and convective heat exchange at the surface of the buildings and the ground. This approach to
solve conductive-radative-convective heat exchange in a complex urban geometry has become possible thanks to recent break-
throughs in the MC community and is promising to deal with complex geometries, large ranges of scales, and massive parallel
computation. The model has been evaluated against experimental data at the impervious outdoor scale model COSMO and
it has been shown that the temporal evolution of the sensible heat flux, the vertical profiles of air temperature in the urban
roughness sublayer, and the shading patterns on the urban-like obstacles are represented well.

The coupled model is still quite limited since it cannot deal with important processes like water ponds, evaporation or evapo-
transpiration, air exchange between the building interior and the atmosphere, or heating and air conditioning in buildings. All
such processes would be potentially relevant to the simulation of the meteorological impact on humans and infrastructure or
to quantify the effectiveness of adaptation measures to climate change. Such processes should be included in future studies.
Furthermore, applications to real urban districts and/or the use of grid nesting with lower resolution Meso-NH nests, which do
not represent the buildings explicitly, should be explored.

The coupling between Meso-NH and stardis currently relies on writing the required data to disc and running the two models
separately. This has a lot of room for improvement, e.g. the data could be kept in memory and the two models executed as
one executable. However, another potential option is to use symbolic Monte Carlo that would precompute a large number of
radiative paths with stardis in a preprocessing step to Meso-NH and no longer require to excecute stardis during the Meso-NH

simulation. This option shall be explored in future work.

Code and data availability. The software archive on Zenodo at https://doi.org/10.5281/zenodo.19497101 (Schoetter et al., 2026) contains
the exact model version used in this article and a user manual describing how to install the models and how to run and postprocess the

simulations.

Appendix A: Calculation of the exchange coefficient

The exchange coefficient for sensible heat is calculated following the DOE-2 model 2, which allows to differentiate between
vertical, upward facing, and downward facing surfaces. Here, first the values for a vertical and a horizontal (upward facing
or downward facing) surface are calculated and then weighted as a function of the real surface orientation. In the following
formulas, the index for the image point is dropped to improve the readability.

First, the calculation of the exchange coefficient for a vertical surface (Cq vert) 1S given. The exchange coefficient for natural

convection (Cq nayt) is calculated following

Wl

CH nat = 1.31 |T - Tsurf| (Al)

Zhttps://bigladdersoftware.com/epx/docs/22-2/engineering-reference/outside-surface-heat-balance.html#doe-2-model
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The exchange coefficients for a leeward (¢ 1ce) and a windward (CH,wind) sSmooth surface are then calculated following

2
e = \/ Tt + (2 867" 6”) (A2)

2
CHwind = \/ e + (238T°) (A3)

with U representing the average wind speed at the first layer image points (Uy, ) calculated following

Nrrc—1

Z \/U[1 t—ZAtMNH) -|-'U]1( —iAtMNH)2+w11(t—iAtMNH)2 (A4)
=0

1
N FRC

Determining whether a surface is located on the windward or leeward side of an obstacle would require non-local calculations
and further assumptions which would increase the model complexity. Therefore, a pragmatic average between ¢x e and

CH,wind 15 made to obtain the exchange coefficient for a smooth vertical surface (Cx smooth):

CH ,smooth = 0.5 (CH,lee + CH7Wil’ld) (AS)

The exchange coefficient further takes the surface roughness into account for the calculation of ¢ vert:

CH,vert = CH nat + Zrough(CH,smooth - CH,nat) (A6)

where z;ough is the surface roughness multiplier. Secondly, the calculation of the exchange coefficient for a horizontal surface

(CH nor) is given. For an upward facing surface, €y nas is calculated following

9.482 (Toet — T)

Wl

na for T Tsur AT

CHonat =~ o83 ord < dewt (AT)
1810 (T—Toog)® . = —

T 1.(382 — D" o T > Tour (A8)

whereas for a downward facing surface it is

ol

9.482 (T — Tyuet)°

CHnat = for T > Tuuy A9
CH nat 72831 or f (A9)
1
1810 (Tom —T)° o
— for T < Tom A10
CHmat = =380 11 ort = fewt (A10)

The exchange coefficient for the smooth horizontal surface is then calculated following

2
CH ,smooth = \/CH7nat2 + (2 36 UO 89) (Al 1)

and the exchange coefficient for the horizontal surface is

CH ,hor = CH,nat + Zrough(CH,smooth - CH,nat) (A12)
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With the vector from ghost to image GI(z; — xa,yr — Yo, 21 — 2 ), the angle () of this vector with respect to the horizontal

direction can be calculated following

3 = arctan (\/((xf = xZ);jC(;yf — yG)2)> for \/((x1 —zc)? + (y1 —ya)?) #0 (A13)
p= —% for /((z1 —26)2 + (yr —ye)?) =0 and 2z; < zg (A14)
8= g for /((x7 —2c)2 + (y1 —ye)?) =0 and z; > z¢ (A15)

The exchange coefficients for the horizontal and vertical surfaces are then weighted following

G: fhor CH,hor"’(l_fhor) cH,vert (A16)

with the weighting factor fi,, calculated following

Jhor = 1 — |cos ()] (A17)

Appendix B: Calculation of the skin surface temperature from the thermal cameras

The skin surface temperature (75,,¢) is calculated from the observed brightness temperature (7}3) using broadband approxima-
tions (Adderley et al. (2015), Morrison et al. (2020)). First, the T} pixels observed by the camera are converted to broadband

longwave radiation flux (LW ,,) by Stefan-Boltzmann law
LWcam = UTb4 (Bl)

with o the Stefan-Boltzmann constant (5.67 x 1078 Wm~=2 K~%). As the COSMO surfaces are non-blackbody (surface
emissivity € = 0.89), a portion of the at-sensor radiance is reflected from the sky and ground depending on the facet sky view
factor (SVF). The per-facet irradiance contribution from the sky (LW, ) is derived from the upward facing pyrgeometer,

(LW) and the SVF:
LWsky =LW Ur_14 SVF (BZ)

with v7_14, the sky emissivity in the cameras spectral range accounting for differences in pyrgeometer (= 4 to 50 pm) and
camera (7 to 13 pm) spectral response, taken empirically as v7_14 = 0.38 (Idso, 1981) based on the observed meteorology at
COSMO.

The per-facet irradiance contribution from the ground (LW ound) uses the SVF and a per-timestep average of LW .y, across

all pixels viewing ground surfaces (LWcam ground):
LWground = (1 - SVF) Lwcam,ground (B3)

Camera pixels are assigned a SVF for each facet type, which is 1 for the cube top, 0.35 for the cube walls, and 0.53 for the

ground. Mixed pixels are discarded (Morrison et al., 2018). The broadband surface emission (LWj,,¢) uses the facet irradiance
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and the COSMO surface emissivity of € = 0.89:

LWcam - (1 - 6) (LWsky + LWground)
€

LWsurf =

for calculation of the final T}, by inverse Stefan-Boltzmann law:

LWaurt "%
Tsurf = (f>
€

Atmospheric correction is omitted given the short path lengths (<30 m).

Appendix C: Nomenclature

We here provide a nomenclature (Tabs. Al to A3).
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Table A1. Nomenclature

Symbol Definition Unit
« Broadband reflectivity of solar radiation (albedo) 1
c Volumetric heat capacity Jm3K™?
cu Turbulent exchange coeffcient for sensible heat Wm2K™!
Cm Specific heat capacity Jkg™?
O Reinjection length used in the stardis conduction algorithm m
A Resolution of the Meso-NH grid m
Atrrc Time step for writing the Meso-NH forcing data used by stardis S
Atvine Time step for solving the fluid prognostic equations with Meso-NH s
AtsTa Time step for calculation of Tgy,+ With stardis S
€ Broadband emissivity for terrestrial radiation 1
e Meso-NH prognostic subgrid turbulence kinetic energy m?s2
V¥ Wind direction of forcing ° from North, clockwise
G(za,ya,za) Ghost point (position) m
GI, Vector from ghost point (G) to nth layer image point (I,) m
Turbulent sensible heat flux W m™2
Hiean Mean building height of a district m
1 Loop index 1
In(Z1m,Y1,n,21,n) Image point of nth layer images (position) m
K von Kdrman constant 1
A Heat conductivity Wm 1K™
Ap Plan area building density 1
Aw Wall surface density 1
Lw Downwelling terrestrial radiation Wm?2
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Table A2. Nomenclature, continued

EGUsphere\

Symbol Definition Unit
LWeam Terrestrial radiation observed by camera Wm 2
LWegrouna  Terrestrial radiation contribution from the ground Wm™2
LWy Terrestrial radiation contribution from the sky Wm™2
v Sky emissivity 1

n Vector normal to the solid-fluid interface in Meso-NH-IBM 1

N Number of MC realisations 1

Ny Number of facets exchanging radiation 1

Nrrc Number of Meso-NH time steps over which the forcing data are averaged 1

II Exner function based on Meso-NH pressure 1

IIf Exner function based on forcing pressure 1

p Pressure simulated by Meso-NH Pa

Pm Material density kgm 3
o Stefan-Boltzmann constant Wm2K™*
oTg Average MC standard deviation of ground Tt K

oTt Average MC standard deviation of cube top Tsurs K

OTw Average MC standard deviation of cube wall Tg,¢ K
SWait Downwelling diffuse solar radiation Wm 2
SWair Downwelling direct solar radiation Wm™?2
t Simulation time S

tr Simulation time when writing the kth forcing step S

trel Relaxation time constant for nudging in Meso-NH S

T Air temperature K

Ty Brightness temperature of solid (ground, buildings) K

Ty Air temperature of forcing K

Tret Reference temperature for infrared radiative exchanges K

Tourf Skin surface temperature of solid (ground, buildings) K
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Table A3. Nomenclature, continued

Symbol  Definition Unit
0 Meso-NH prognostic potential air temperature K

0 Forcing potential air temperature K

P Level-set function, |®| is the distance to the solid-fluid interface ~m

v Generic Meso-NH prognostic variable

Ya Generic Meso-NH prognostic variable at ghost point (G)

U Meso-NH prognostic velocity component in x-direction ms?
uf Forcing velocity component in x-direction ms~!
Us Friction velocity ms *
Uy Wind speed of forcing ms™!
v Meso-NH prognostic velocity component in y-direction ms?
v Forcing velocity component in y-direction ms?
w Meso-NH prognostic velocity component in z-direction ms~!
20,m Bulk momentum roughness length m
Zprobe z-coordinate of probe point m
Zrough Surface roughness multiplier 1
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