Geosci. Model Dev., 18, 405-431, 2025
https://doi.org/10.5194/gmd-18-405-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Coupling the urban canopy model TEB (SURFEXv9.0) with the
radiation model SPARTACUS-Urbanv(.6.1 for more realistic urban

radiative exchange calculation

Robert Schoetter!, Robin James Hogan?>, Cyril Caliot*, and Valéry Masson!

ICNRM, Université de Toulouse, Météo-France, CNRS, 42 avenue Gaspard Coriolis, Toulouse, France

ECMWEF, Reading, United Kingdom

3Department of Meteorology, University of Reading, Reading, United Kingdom
4CNRS, UPPA, E2S, LMAP, 1 Allée du Parc Montaury, Anglet, France

Correspondence: Robert Schoetter (robert.schoetter@meteo.fr)

Received: 12 April 2024 — Discussion started: 24 May 2024

Revised: 31 October 2024 — Accepted: 27 November 2024 — Published: 24 January 2025

Abstract. The urban canopy model Town Energy Balance
(TEB) is coupled with the radiation model SPARTACUS-
Urban to improve the urban geometry simplification and
the radiative transfer calculation. SPARTACUS-Urban as-
sumes that the probability density function of wall-to-wall
and ground-to-wall distances follows a decreasing exponen-
tial. This better matches the distributions in real cities than
in the infinitely long street canyon employed by the classical
TEB. SPARTACUS-Urban solves the radiative transfer equa-
tion using the discrete ordinate method. This allows us to take
into account physical processes such as the interaction of ra-
diation with the air in the urban canopy layer and the spectral
dependence of urban material reflectivities or specular reflec-
tions. Such processes would be more difficult to account for
with the radiosity method used by the classical TEB. With
SPARTACUS-Urban, the mean radiant temperature, a crucial
parameter for outdoor human thermal comfort, can be calcu-
lated from the radiative fluxes in the vertical and horizon-
tal directions incident on the human body in an urban envi-
ronment. TEB—-SPARTACUS is validated by comparing the
solar and terrestrial urban radiation budget observables with
those simulated by the Monte-Carlo-based HTRDR-Urban
reference model for procedurally generated urban districts
that mimic the local climate zones. Improvement is found
for almost all radiative observables and urban morphologies
for direct solar, diffuse solar, and terrestrial infrared radia-
tion. The TEB mean radiant temperature diagnostic for a per-
son in the urban environment is also improved with TEB—

SPARTACUS compared with the classical TEB. Based on
these results, TEB—SPARTACUS could lead to more realis-
tic results for building energy consumption, outdoor human
thermal comfort, or the urban heat island effect.

1 Introduction

Radiative exchange is a crucial physical process for the urban
climate. Multiple reflections of solar radiation in the 3-D ur-
ban geometry result in a lower effective reflectivity (albedo)
of a city compared to a flat surface (Krayenhoff et al., 2014).
At night, downwelling terrestrial infrared radiation at the sur-
face is higher in urban areas than in open rural areas. This is
due to the emission of infrared radiation towards the ground
from buildings or urban trees, which have a higher surface
temperature than the radiative temperature of the sky. Radia-
tive exchange contributes to the higher (nighttime) air tem-
perature in urban areas compared with the surrounding rural
areas (the urban heat island effect; Oke, 1982), although it is
not the main cause. Shading and multiple reflections of ra-
diation by complex geometries of buildings and vegetation
alter the radiation received by buildings and humans in the
urban environment compared to an open and rural environ-
ment. This is relevant to the energy consumption of buildings
(Strgmann-Andersen and Sattrup, 2011; Frayssinet et al.,
2018) and human thermal comfort (Frohlich and Matzarakis,
2020; Dissegna et al., 2021; Geletic et al., 2022).
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Urban canopy models (UCMs) such as the Town Energy
Balance (TEB; Masson, 2000) or the Building Effect Pa-
rameterisation (BEP; Martilli et al., 2002) that calculate the
urban surface energy balance in mesoscale or global atmo-
spheric models (Grimmond et al., 2010, 2011) strongly sim-
plify both urban geometry and radiative transfer physics. The
most commonly used UCM geometry is the infinitely long
street canyon; the radiosity method is common for radiative
exchange calculation (Schoetter et al., 2023). It assumes that
radiation is reflected isotropically (Lambertian surfaces), that
there is a vacuum in between the buildings, and that there
is no wavelength dependence of material reflectivity (broad-
band materials).

Hogan (2019a) found that radiative transfer in the urban
canopy layer (UCL) is governed by the probability density
functions of the wall-to-wall (pww) and ground-to-wall (pgw)
distances as these determine the probability that radiation
passing through the UCL will be intercepted by buildings
or the ground. Hogan (2019a) and Stretton et al. (2022) in-
vestigated pywyw and pgy for districts in real cities and found
systematic differences between them and the distribution
that is implicitly assumed in the use of the infinitely long
street canyon geometry. This leads to incorrect mean rates
of solar and thermal infrared radiation exchange between the
sky, walls, and the ground. Instead, a decreasing exponential
function fits pww and pgy in real cities. For urban districts
where this decreasing exponential function of pww and pgyw
applies, the attenuation of radiation by buildings can be de-
scribed by the Beer—Lambert law in the same way as that for
radiation passing through the turbid atmosphere.

In light of these findings, Hogan (2019b) adapted the
SPARTACUS (SPeedy Algorithm for Radiative TrAns-
fer through CloUd Sides; Schifer et al., 2016; Hogan
et al., 2016) atmospheric radiation model representing the
3-D radiative interactions between clouds and the UCL
(SPARTACUS-Urban). SPARTACUS-Urban is part of the
land surface radiation model SPARTACUS-Surface. It is
based on the 1-D discrete ordinate method and divides the
UCL into the built, the urban tree, and the clear-air regions. In
the vertical direction, SPARTACUS-Urban can subdivide the
urban canopy into several layers, which allows for a variety
of building and tree heights at each grid point. It can model
physical processes such as specular reflections or the inter-
action of radiation with air, aerosols, or clouds in the UCL,
which are difficult to account for with the radiosity method.
It can also more realistically represent the interaction of radi-
ation with trees by representing them as cylinders, thus pre-
serving their contact surface area with air and buildings.

Hogan (2019b) validated SPARTACUS-Urban with Monte
Carlo reference simulations for the specific case of for-
est sites without buildings. Stretton et al. (2022) evalu-
ated the solar radiation budget simulated by SPARTACUS-
Urban for urban geometries of different complexity, in-
cluding real cities with simulations using the obstacle-
resolving radiation model Discrete Anisotropic Radia-
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tive Transfer (DART; Gastellu-Etchegorry, 2008; Gastellu-
Etchegorry et al., 2015). They find a very good performance
of SPARTACUS-Urban, as long as the assumption of the de-
creasing exponential function for pyyw and pgw holds. Oth-
erwise, larger biases appear, but the overall performance
is still good. Stretton et al. (2023) successfully evaluated
SPARTACUS-Urban against DART for terrestrial radiation
in a central London domain for both homogeneous and het-
erogeneous skin surface temperature of urban facets.

Coupling SPARTACUS-Urban with UCMs promises to
improve the realism of urban geometry and radiative trans-
fer physics in these models. Furthermore, the benefits of
some climate change adaptation measures (e.g. street trees
or building materials with specific spectral reflectivities) can
be better quantified with SPARTACUS-Urban than with the
radiation schemes used by most urban canopy models. This
study presents the coupling of SPARTACUS-Urban with
the UCM TEB (TEB-SPARTACUS). TEB is used to sim-
ulate the energy balance of the urban surface as a func-
tion of the meteorological conditions at the top of the ur-
ban roughness sublayer (2-5 times the characteristic build-
ing height; Roth, 2000). The original TEB, hereafter referred
to as TEB-Classical, represents the city as an infinitely long
street canyon. It solves the energy budget separately for the
roof, the walls, and the ground. TEB can solve the 1-D prog-
nostic equations for wind speed, air temperature, humidity,
and turbulence kinetic energy for the air in the UCL (surface
boundary layer scheme, SBL) (Hamdi and Masson, 2008).
Ground in-canyon vegetation was added by Lemonsu et al.
(2012), and vertically extended in-canyon vegetation was
added by Redon et al. (2017, 2020). The urban trees are
represented by a turbid layer filling the entire street canyon
between the height of the trunk and the height of the tree.
A building energy model (Bueno et al., 2012; Pigeon et al.,
2014) solves the energy budget of a representative building
at the district scale, taking into account human behaviour re-
lated to the energy consumption of the buildings (Schoetter
et al., 2017). TEB is used as a lower-boundary condition for
cities in mesoscale atmospheric models such as Meso-NH
(Lac et al., 2018), numerical weather prediction models such
as AROME (Seity et al., 2011), or regional climate models
such as CNRM-ALADIN (Daniel et al., 2019) and CNRM-
AROME (Lemonsu et al., 2023).

This study is structured as follows. The technical as-
pects of the coupling between TEB and SPARTACUS-Urban
are described in Sect. 2, the methodology of the TEB-—
SPARTACUS validation in Sect. 3, and the validation results
in Sect. 4. Conclusions are drawn in Sect. 5.

2 Technical aspects of the TEB and
SPARTACUS-Urban coupling

In TEB, the outdoor radiative transfer is computed at each
time step before the energy balance of the different urban
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facets is solved (Fig. 1a). The outdoor radiative transfer rou-
tines take as input the downwelling solar and terrestrial radi-
ation at the top of the UCL, the urban and vegetation mor-
phology parameters, the albedo, emissivity, and prognostic
skin surface temperature of the urban facets. They calculate
the upwelling solar and terrestrial radiation for the coupling
with the atmospheric model, the solar and terrestrial radia-
tion incident on the different urban facets, and the radiative
fluxes at ground level for the calculation of the mean radiant
temperature. The modular structure of TEB allows the intro-
duction of an option to calculate outdoor radiative transfer
with SPARTACUS-Urban instead of the Classical radiosity
method, leaving the other routines of TEB unchanged.

2.1 TEB-SPARTACUS geometry

The original TEB (Masson, 2000) is a single-layer UCM.
This means that the roof of the building is at the surface
level of the atmospheric model; the walls and the road are
below the surface. Schoetter et al. (2020) added the option to
couple TEB with the atmospheric model on multiple levels.
With the multi-layer TEB, the buildings are immersed in the
atmosphere. With both the single- and multi-layer TEB, there
is only one average building (Hpyijlg) and tree (Hee) height
at each grid point. Furthermore, the radiation received and
absorbed by the building walls and the trees is calculated at
a single node; no vertical discretisation is performed. TEB-
SPARTACUS would allow the consideration of a variety of
building and tree heights at each grid point and to calculate
a vertical profile of the radiation received and absorbed by
the walls. However, this would require modification of the
input parameters of SURFEX-TEB and also other physical
routines, which are left for future development. In this arti-
cle, except for the assumption of the decreasing exponential
function for pww and pgw inherent to SPARTACUS-Urban,
the geometric complexity of TEB is not changed.

2.2 Vertical levels of SPARTACUS-Urban when used
by TEB

The vertical levels used by SPARTACUS-Urban for ra-
diative transfer calculation in TEB (hereafter the TEB—
SPARTACUS vertical levels) have to be defined. A max-
imum extension (Azsprs,max) is defined for the TEB-
SPARTACUS vertical levels. Its default value is 1 m. The
TEB-SPARTACUS vertical levels are defined as a function
of AzspTS,max> Hbuild> and Hiee such that one level is either
completely vertically intersected by trees and/or buildings, or
completely free of them (Fig. 1b, c¢). With this approach, no
vertical interpolation of the geometric parameters of build-
ings and trees is required which could lead to physical incon-
sistencies. For a grid point with Hpyilg > Hiree, vertical lev-
els with the extent Azsprs max are defined starting from the
ground. The extent of the level, which would be higher than
Hiree, is reduced so that its height is equal to Hiree (kspTs = 2
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in Fig. 1b). The TEB-SPARTACUS vertical levels below
Hiee contain a built, tree, and clear-air region. Above Hiee,
further vertical levels with the extension Azgprs, max are de-
fined. The extent of the level that would be higher than Hyyilg
is reduced to match Hpyjlg (ksprs = 3 in Fig. 1b). The levels
defined between Hiree and Hpyjlg contain only buildings and
clear air. A layer of clear air is placed above the buildings for
numerical reasons. For a grid point with Hypyilg < Hiree, the
TEB-SPARTACUS vertical levels are set in a similar way
(Fig. 1c).

The TEB-SPARTACUS vertical levels are different from
the vertical levels used for the meteorological variables in
the SBL scheme. The SBL grid is defined to have a high
resolution near the surface (Fig. 1b, c) because the meteo-
rological parameters computed by the SBL scheme, such as
air temperature and wind speed, have the strongest gradients
close to the surface. For SPARTACUS-Urban, this does not
make sense because the radiation fields are relatively homo-
geneous close to the surface, especially since most buildings
are higher than 3 m, and there is little variation in the building
density with height in the lowest metres.

2.3 SPARTACUS-Urban input and output parameters
when used in TEB

The SPARTACUS-Urban input parameters, when used in
TEB, are listed in Table Al, and the SPARTACUS-Urban
output parameters used by TEB are listed in Table A2. Some
of the input parameters are exactly the same as those in
TEB. This is indicated by the “TEB variable” in Table Al.
However, SPARTACUS-Urban requires some input parame-
ters that are not present in TEB; these have to be calculated
based on the TEB variables or specified, which is explained
in the following. The characteristic building diameter D is
calculated, assuming cylindrical buildings (Eq. 3), by com-
bining the equations defining the plan area building density
(Ap; Eq. 1) and the exterior wall area density (Aw; Eq. 2) as
follows:

P 4Aref '
D Hy;
Ay = T build ’ )
Apef
4\, Hyyi
D= p{1build ] 3)
Aw

Arer 18 the surface area of the grid point.

As the TEB SBL levels are different from those of the
TEB-SPARTACUS (Fig. 1b, c), the air temperature values
from the SBL vertical levels are linearly interpolated to the
centre of the TEB—SPARTACUS vertical levels.

TEB can take into account a variety of surface coverings
per type of urban facet. The roofs of the buildings can be cov-
ered with native roofing material, snow, solar panels (Masson
et al., 2014), or green roofs (de Munck et al., 2013). The
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(a)

Calculation of the prognostic TEB-SBL variables

Input parameters for outdoor urban radiative transfer:

- Parameters characterising urban and tree morphology

- Downwelling solar and terrestrial radiation at the top of the UCL
- Albedo, emissivity, and skin surface temperature of urban facets

Calculation of outdoor radiative transfer with the radiosity method
(TEB-Classical) or with SPARTACUS-Urban (TEB-SPARTACUS)

Output parameters from outdoor urban radiative transfer:

- Upwelling solar and terrestrial radiation at the top of the UCL

- Solar and terrestrial radiation incident on different urban facets
- Radiative fluxes at ground level for Mean Radiant Temperature

Calculation of the energy balance of roof, wall, road, in-canyon vegetation
Calculation of Mean Radiant Temperature, Universal Thermal Climate Index
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Figure 1. (a) Outdoor radiative transfer calculation in the TEB model and TEB-SPARTACUS vertical levels for (b) a grid point with the
buildings (grey) higher than the trees (green) (Hpyilg > Hiree) and (c) a grid point with the buildings lower than the trees (Hpyjlqg < Hiree). The
kspL Vvalues display the centre of the TEB surface boundary layer (SBL) mass levels, and the kgprg values display the TEB—SPARTACUS
vertical levels (continuous lines). Urban facet properties such as albedo («), emissivity (¢), and skin surface temperature (7'), which may
show intra-facet variation in TEB (e.g. due to a part of the roofs covered by green roofs; de Munck et al., 2013) are aggregated before their
use in SPARTACUS-Urban. The x axis represents the horizontal extent of buildings (Ap), urban trees (Agree), and clear air (I — Ap — Agree) in
the urban canopy layer.
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ground may be covered by roads, bare ground, low vege-
tation, or snow. The building walls consist of the wall ex-
terior material and possibly windows. In order to keep the
SPARTACUS-Urban code independent of its use by TEB, it
uses aggregated radiative properties for each facet. After the
call of SPARTACUS-Urban, the radiation absorbed by the
different surface coverings on each facet is calculated. For a
facet consisting of two surface coverings (an example for the
roof is shown in Fig. 1b, c) with fractional covers f; and f>,
albedos o1 and «p, emissivities € and €, and surface tem-
peratures 77 and T, the aggregated values of albedo (atagg),
emissivity (€agg), and radiative surface temperature (Tagg)
used by SPARTACUS-Urban are calculated as follows:

frar + fra
agg = ————————, 4
Fage N+ ¥
_ fier+ fre
Coge = it h ©)
0.25
T _ fietoT\* + freao T ©)
s (N1 +f2)a€agg )

SPARTACUS-Urban calculates the average solar (SWipc)
and infrared (LWj,.) radiation incident on a facet. The so-
lar (SWaps) and infrared (LWgps) radiation absorbed by the
two surface coverings is calculated as follows:

SWaps,1 = (1 —a1)SWipe,

SWabs,Z = (1 —a2)SWipc, @)
LWaps 1 = €1(LWine — 0 T1 ),
LWaps 2 = €2(LWipe — o o). 8)

SPARTACUS-Urban represents the radiative exchanges be-
tween trees, walls, and the clear air with more detail than
TEB, taking into account a more realistic shape of trees with
a characteristic diameter Dyee, and a potential variability in
the optical depth of trees (FSDy.e). These parameters are cur-
rently specified in the code; future work could investigate
whether it would be possible to link them to physiographic
input variables (such as land cover) or to specify them via
databases. The fraction of tree surface in contact with walls
(FCee) is calculated from the fraction of tree surface cover
(Atree), assuming a random positioning of trees in the urban
canyon, as follows:

FCyree = C))

1—2p
The air temperature in the vegetation canopy (Tair,veg) 1S
assumed to be equal to the air temperature in the clear-
air region (T,ir). SPARTACUS-Urban allows the consider-
ation of the scattering and absorption of solar radiation in
the urban canopy. This is specified by the extinction coef-
ficients (Kext,air,sw and kiext air,;w) and the single scattering
albedo of the air for solar (otgsa, air,sw) and terrestrial radiation

https://doi.org/10.5194/gmd-18-405-2025

409

(otssa,air,lw)- These coefficients are currently set to 0 but could
be calculated as a function of air temperature, humidity, lig-
uid water content, and aerosol concentration by coupling to
an atmospheric radiation scheme.

The single-scattering albedo for solar radiation of a leaf
(0tssa,tree,sw) 18 assumed to be 0.4, which corresponds to a
value integrated over the solar spectrum. This differs from
the bulk vegetation albedo in the original TEB, as this pa-
rameter corresponds to an effective albedo after multiple re-
flections. The single-scattering albedo for the terrestrial radi-
ation of a leaf (0tgsa,tree,1w) 1S calculated from the value of the
tree emissivity (€gee) in TEB as follows:

Ossa, tree,lw — 1 — €qree- (10)

The tree extinction coefficient (kext,iree) is calculated from the
vertical profile of the leaf area density (LAD), assuming an
isotropic orientation of the leaves as follows:

kext.ree = 0.5 LAD. (11)

SPARTACUS-Urban allows us to take into account the frac-
tion of specular reflections from the walls ( fref,specular)- It is
set to 0 here but could be linked to the glazing ratio and prop-
erties of the wall and window materials.

2.4 Calculation of the mean radiant temperature

The mean radiant temperature (MRT) is a crucial input pa-
rameter for outdoor human thermal comfort indices such
as the universal thermal climate index (UTCI; Blazejczyk
et al.,, 2012). With the original TEB radiation scheme, it
is calculated via the radiosity method, using the shape fac-
tors between the human body and the different urban facets
(road, walls, windows, and vegetation); the detailed equa-
tions are given in the supplementary material of Kwok et al.
(2019). With TEB-SPARTACUS, the MRT is calculated
differently. The flux densities of the diffuse solar and in-
frared upwelling and downwelling radiation (SWuyp diff,er»
SWaown, diff,gr> LWup,gr, and LWgown,gr) at the ground level
are known. In addition, the diffuse solar and terrestrial fluxes
incident on a vertical plane at the ground level (SWhor, diff,gr
and LWy o) can be diagnosed with TEB-SPARTACUS.
The vertical and horizontal fluxes are weighted according to
Thorsson et al. (2007) to obtain the average diffuse radiative
flux density absorbed by the human body as follows:

Rua,ditt = (1 — apa) (0.88S Whor,gi, gr
+0-06SWup,diff,gr + 0~06SWdown,diff,gr)
+ €bd (0-88LWhor gr + 0.06LWyp gr + 0.06LWaoun r),  (12)

where apg (0.3) and €pq (0.97) are the standard (Thors-
son et al., 2007) albedo and emissivity of the human body,
respectively. The fluxes in the horizontal direction have a
higher weight than the fluxes in the vertical direction because
the human body is assumed to be in an upright position.
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The average total (diffuse and direct) radiative flux density
absorbed by the human body when fully exposed to solar
radiation is calculated as follows:

Rbd.sun = Rod.ditf + (1 — @bd) SWir bd, (13)

with the mean direct solar radiative flux density incident on
the human body (SWyirbd), as given by Di Napoli et al.

(2020),
/32
cos (,3(1 — 14'744)) . (14

SWdown, dir, gr 18 the direct solar radiation reaching the ground,
and B is the solar elevation angle. Based on these fluxes, the
MRT values for a human body exposed to diffuse solar ra-
diation only (MRTpage) and a human body fully exposed to
direct solar radiation (MRTyy,,) are calculated as follows:

Wdown,dir, ar

SWir ba = 0.308 ——down.direr
dir,bd max(0.05, sin(B))

Rbd sun 0-23
MRTsun = (—’) P (15)
€pdo
Roa.aifr \
MRTshade = [ —— (]6)
€bdo

The radiative fluxes are taken at ground level because the ver-
tical profiles of the diffuse solar and terrestrial fluxes incident
on a vertical plane are not outputs of the current version of
SPARTACUS-Urban. It would be a bit more accurate to cal-
culate them at 1 m above the ground, as this would better
represent their average effect on the human body. The dif-
ference between the fluxes at ground level and 1 m above
ground is currently neglected. By taking into account the
fluxes from vertical building walls, TEB-SPARTACUS al-
lows for a more realistic estimation of MRT in urban areas
from weather models and reanalysis data than previous work
considering only flat ground (Di Napoli et al., 2020).

3 Methodology for TEB-SPARTACUS validation

Validation of TEB-SPARTACUS with observations of radia-
tive and turbulent fluxes in real cities like those presented
by Lipson et al. (2022) is not a promising strategy since
the differences between the simulated and observed fluxes
may be due to differences in the urban morphology, build-
ing material parameters, or anthropogenic heat fluxes be-
tween the real city and the simplified representation of the
city in TEB. Moreover, observations themselves are uncer-
tain. It would therefore be difficult to attribute any potential
improvement in the fluxes simulated by TEB-SPARTACUS
to the better representation of urban geometry or radiative
transfer physics. For this reason, in this study, the radiative
observables simulated by TEB are evaluated with the Monte-
Carlo-based HTRDR-Urban reference model (Caliot et al.,
2023). HTRDR-Urban takes the actual complex 3-D build-
ing and tree geometries into account and is used to quantify
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the errors due to the use of a simplified morphology in the
UCM TEB. The comparison of the TEB-Classical and TEB-
SPARTACUS errors allows the quantification of the potential
benefits of TEB-SPARTACUS compared to TEB-Classical.
All urban radiation models take into account the solar shad-
ing of trees by buildings and buildings by trees. They also
account for the mutual terrestrial radiation interactions be-
tween trees and buildings. Only the way in which the urban
and tree geometry and the radiative transfer physics are rep-
resented changes between the models.

3.1 HTRDR-Urban reference model of urban radiative
transfer

HTRDR-Urban uses a backward Monte Carlo algorithm with
the null-collision technique (Galtier et al., 2013; El Hafi
etal., 2021) and accelerating grids (Villefranque et al., 2019)
to solve the radiative transfer equation (RTE) for solar and
terrestrial radiation. It takes into account the interaction be-
tween radiation and the atmosphere with non-grey absorp-
tion, emission, and anisotropic scattering. 3-D absorption
and scattering coefficient data and scattering phase functions
characterise the spectral and directional radiative properties
of gases, liquid droplets, and solid particles. At the top of
the atmosphere (TOA), the observed solar spectrum irradi-
ance averaged for 2020 from Coddington et al. (2015) is pre-
scribed. At the Earth’s surface, opaque surfaces consisting of
vegetation and buildings, described by triangles in a wave-
front (*.0bj) file are prescribed. They can be specular or Lam-
bertian reflectors, with a potentially wavelength-dependent
reflectivity. Measured spectral Lambertian reflectivities in-
cluded in the Spectral Library of impervious Urban Mate-
rials (SLUM) available from the London Urban Micromet
data Archive (LUMA) (Kotthaus et al., 2013, 2014) are dis-
tributed with HTRDR-Urban. The surface triangles are as-
signed a constant surface temperature. The MRT in HTRDR-
Urban is calculated under the assumption that the human
body is a cylinder with a height of 1 m and a radius of 0.14 m
centred 1.1 m above the ground (Schoetter et al., 2023).

3.2 Procedurally generated urban morphologies

Exactly the same urban morphologies as those described in
Sect. 4 of Schoetter et al. (2023) and Nagel et al. (2023)
are investigated (Table 1). They were created with a proce-
dural city generator, their spatial extent is 800 m x 800 m,
and they mimic homogeneous urban districts covered by a
type of local climate zone (LCZ; Stewart and Oke, 2012).
For example, the sparsely built LCZ9 district consists only
of detached houses. However, like a real LCZ9 district, they
are not all exactly the same height or size. The Tornay
et al. (2017) inventory of common urban morphologies in
France has shown that the standard LCZ2 (compact mid-rise)
and LCZ6 (open low-rise) comprises two relatively different
morphologies, namely buildings forming blocks with an in-
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ternal courtyard or buildings forming rows. Similar results
are likely to be found in other European countries. As wind
circulation and radiative transfer may be different between
the block and row morphologies, the blocks of compact mid-
rises (LCZ2a) and rows of compact mid-rises (LCZ2b), as
well as blocks of open low-rises (LCZ6a) and rows of open
low-rises (LCZ6b), are distinguished. LCZ7 is not studied
because it differs from LCZ3 only in terms of construction
materials.

For each district, a representative street canyon with the
same Ap, Aw, and average building height (Hmean) as the ac-
tual district is created. The morphologies LCZ2a, LCZ2b,
LCZ3, LCZ5, LCZ6a, LCZ6b, and LCZ9 will in many cases
have pitched roofs. Since pitched roofs cannot be accu-
rately represented in TEB-Classical, TEB-SPARTACUS, or
SPARTACUS-Urban, the analysis for these morphologies is
performed with and without pitched roofs. The evaluation
of the morphologies with flat roofs allows for a rigorous
quantification of potential TEB—SPARTACUS shortcomings,
while the results for the morphologies with the pitched roofs
give an additional indication of how TEB-SPARTACUS per-
forms for districts where pitched roofs occur. Potential over-
hanging roofs, which may also occur in real cities are not
considered.

A copy of the LCZ2a, LCZ4, LCZ5, and LCZ9 morpholo-
gies with trees represented by trunks, branches, and individ-
ual leaves is created. All trees have the same height (10 m),
diameter (10.55 m), and leaf area index (LAI = 2.24). As the
trees do not intersect the buildings, more trees can be placed
in the low-density morphologies than in the high-density
morphologies. There are 64 trees for LCZ2a, 963 for LCZA4,
869 for LCZ5, and 1045 for LCZ9. The values of Agee are
0.01 for LCZ2a, 0.13 for LCZ4, 0.12 for LCZ5, and 0.14 for
LCZ9, respectively.

A disadvantage of using procedurally generated districts
is that they may not be sufficiently representative of real
districts. However, for the procedurally generated districts,
it is possible to perfectly control the building geometries
and to know exactly which surfaces belong to the building’s
roofs, walls, or the ground. It is also possible to simplify the
morphologies to exclude, for example, orographic effects,
pitched roofs, or overhanging roofs. Schoetter et al. (2023)
investigated the pww and pgy for the procedurally generated
districts and found a good agreement with the decreasing ex-
ponential function assumed by SPARTACUS-Urban. There-
fore, the radiative transfer in the procedurally generated dis-
tricts may be close to that in real geometries for which the
assumption of a decreasing exponential distribution of py.
and pgy is correct.

3.3 Radiative boundary conditions
The UCL solar radiation budget consists of the downwelling

and reflected solar radiation flux densities at the top of the
UCL (@Qp and Qv), the flux density absorbed by the roofs
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(OR), the walls (including the windows; Ow), the ground
(Qg), the urban trees (QT), and the air (Qair). The UCL ter-
restrial radiation budget consists of the terrestrial radiation
exchanged (absorbed minus emitted) by the sky, by the roofs,
by the walls (including the windows), by the ground, by the
trees, and by the air (Esky, ER, Ew, EG, ET, and Eair). In this
study, vacuum radiative properties are assumed for the air in
the UCL; hence, Qair =0 and Eair =0.

The following boundary conditions for downwelling radi-
ation are considered:

— Purely direct downwelling solar radiation at the top of
the UCL is achieved in HTRDR-Urban by setting the
radiative properties of the atmosphere to those of a vac-
uum. As a result, there is no downwelling-scattered ra-
diation at the top of the UCL. Simulations are performed
for solar elevation angles (y) of 1, 5, 10, 20, 30, 45,
60, 75, and 90°. No particular solar azimuth angle is
considered; for each Monte Carlo realisation, the solar
azimuth angle is randomly sampled with a uniform dis-
tribution between O and 360°. Schoetter et al. (2023)
found that the number of Monte Carlo realisations (N)
must be larger for lower values of y than for higher ones
to achieve a given accuracy of the radiative observables.
For this reason, N is specified as follows:

N,
N, =min [ 10Nep, int [ —— ) ). (17)
sin(y)

The number of Monte Carlo realisations for y = 90°
(zenith) is Nyep = 10°. int denotes rounding to the near-
estinteger. The values of N,, are 1.0 x 106, 1.035 x 106,
1.155%10°, 1.414x 105, 2.0 x 105, 2.924 x 10, 5.759 x
10%, 1.0 x 107, and 1.0 x 10 for y values of 90, 75, 60,
45, 30, 20, 10, 5, and 1°, respectively.

— Purely diffuse downwelling solar radiation at the top
of the UCL is achieved in HTRDR-Urban by setting
the atmospheric radiative properties to vacuum ones
and specifying a sky model with isotropic downwelling
solar radiation, resulting in a flux density of Qp =
IWm™2.

— For the terrestrial radiation simulations, a 1-D at-
mospheric profile consisting of mid-latitude summer
(MLS) conditions is used in HTRDR-Urban. For this
profile, the near-surface air temperature is 294.2 K.

The downwelling direct solar, diffuse solar, and terres-
trial radiation at the top of the UCL simulated by HTRDR-
Urban are used as radiation forcing for HTRDR-Urban,
TEB-Classical, and TEB-SPARTACUS.

3.4 Numerical tests and uncertainty quantification

The following numerical tests are performed with HTRDR-
Urban, SPARTACUS-Urban, TEB-Classical, and TEB-
SPARTACUS:

Geosci. Model Dev., 18, 405-431, 2025
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Table 1. Rendering in the visible part of the solar spectrum of the urban morphologies.

LCZ1: Compact high-rise
Ap =0.46; Ay = 6.6; Hypuarg = 91.83 m

LCZ2a: Blocks of compact mid-rise
Ap=0.53: A, =1.21; Hpata = 172 m

LCZ2b: Rows of compact mid-rise
Ap=0.35: Ay = 0.97; Hypura = 184 m

LCZ3: Compact low-rise
Ap=0.40; Ay = 0.58; Hpuatg = 6.2 m

LCZ4: Open high-rise
Ap =023 A, = 1.83; Hpuata = 50.3 m

LCZ5: Open mid-rise
Ap =0.32; Ay = 118; Hyyra = 16.7m

LCZ6a: Blocks of open low-rise
Ap =0.38; Ay = 0.58; Hypupa = 7.1 m

LCZ6b: Rows of open low-rise
Ap =0.25; Ay, =0.29; Hypipa = 6.3 m

LCZ8: Large low-rise
Ap =031 A = 0.27; Hppuia = 7.3 m

LCZ9: Sparsely built
Ap=0.11: A = 0.23; Hiuaa = 6.2 m

LCZ10: Heavy industry
Ap = 0.25: Ay, = 0.6; Hpuata = 14.0m

For the urban geometries without trees, simulations are
made for purely direct and purely diffuse downwelling
solar radiation using a uniform urban facet albedo of
0.3, which is characteristic of common building ma-
terials such as concrete or brick, although there is a
wide variety of impervious urban material albedo val-
ues (Kotthaus et al., 2014). The same albedo value is
chosen for all surfaces in the scene because the objec-
tive is to investigate only the effect of the changed urban
geometry assumptions. An additional simulation is per-
formed with HTRDR-Urban for the representative street
canyon geometry.

For the urban geometries with trees, simulations
with HTRDR-Urban, TEB-Classical, and TEB-
SPARTACUS are made for direct and diffuse solar
radiation using a uniform urban facet albedo of 0.4,

Geosci. Model Dev., 18, 405-431, 2025

which corresponds to the broadband single-scattering
albedo of a leaf. For simplicity, the albedos of the other
urban facets are set to the same value.

For all urban geometries, simulations are performed for
terrestrial radiation using a uniform urban facet emissiv-
ity of 0.9, which is a value close to the observed emis-
sivities for a variety of impervious urban surface ma-
terials (Kotthaus et al., 2014). In five sensitivity tests,
the skin surface temperature (7g,f) of all urban facets
including tree leaves is set such that the difference to
the near-surface air temperature of 294.2K is —10K
(Tsurt = 284.2K), 0K (Tgurr =294.2K), 10K (Tgurr =
304.2K), 20K (Tsur =314.2K), and 30K (Tgur =
324.2 K). These values span the range of plausible dif-
ferences between skin surface temperature and air tem-
perature near the surface with —10K, corresponding to
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a nocturnal situation with a clear sky and a negative sur-
face energy balance and leading to a skin surface tem-
perature lower than the air temperature and 30K a sit-
uation with strong solar radiation. This leads to much
higher skin surface temperature than the air tempera-
ture. No distinction is made in the skin surface tempera-
ture between sunlit and shaded surfaces. This simplifies
the complexity compared to a realistic situation. This
simplification allows the investigation of the isolated ef-
fect of the changed urban geometry.

The SPARTACUS-Urban simulations use a vertical grid
with a resolution of 1 m; the half levels of the nth grid point
are located at zgpy,n =n —0.5mV n in [1,int(Hmax) +
1]. Hpax is the maximum building height in the district. On
this vertical grid, the plan area building (Ap(z,)) and the tree
density (Agee(2,)) at the nth level are defined as follows:

Nouild [ Abuild,i .
Abuild,i. L
I B (1)
p\<n ' ’
= |0 otherwise
Ntrcc Alree i .
&L if Hyee.i = Zspus 1
)\.tree(Zn) = Z Adistrict ,'l p (19)
i= 10 otherwise

Npuild and Nyee are the number of buildings and trees in the
district. Apuild,i> Houild,i and Agee,i, Hiree,i are the footprint
area and height of the ith building and tree. Agistrict 1S the area
of the district.

The normalised building perimeter (npy,;4(z»)) and tree
perimeter (npy..(z,)) is calculated as follows:

N —ﬁi:::c’ - if Houild,i > Zspus 71
NPpyitg(2n) = o herwi , (20)
= , otherwise
Niree DPtree,i .
—L i Hiyee.i = Zspus 1
Ao tree,i — <spus
nptree(zn) = Z {Odlslrlcl " . , (21)
= 10, otherwise

where ppyild,; and pyee,; are the perimeters of the ith building
and tree, respectively.

The characteristic scale of the building (D(z,) and tree
(Dyee(zn)) scale at the nth level is then calculated, assuming
cylindrical buildings and trees, as follows:

D) =~ @)
NPpyi1g (Zn)
_ 4 Atree(zn)

Dyree(z0) = nptree(Zn) . (23)

With this setup, the SPARTACUS-Urban simulations take
into account the variety of building heights.

The uncertainties in the radiative observables are quanti-
fied as follows:

— For the direct solar radiation, the simulated radiative ob-
servables are plotted as a function of y for selected ur-
ban morphologies. The normalised mean absolute error
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(T; Eq. 24) is defined to quantify the uncertainty in a
radiative observable over different values of y. Uncer-
tainty is defined here as the difference between the TEB
observable (Ortgs,, ) and the HTRDR-Urban observable

(OHTRDR, y)-

>, 9p,y|O1EB,y — OHTRDR,y |

T = ;
ZyQDﬁV

(24)

— For the diffuse solar radiation and the terrestrial infrared
radiation, the absolute error (I") of the radiative observ-
able is defined as

I' = |OTEB — OHTRDRI- (25)

3.5 Validation of mean radiant temperature

TEB-Classical and TEB-SPARTACUS calculate an out-
door district-average MRT value for a person in the shade
(MRTjhade; Eq. 16) and exposed to the sun (MRT,; Eq. 15).
HTRDR-Urban allows us to calculate the spatial distribution
of MRT within the district. It is therefore possible to com-
pare the distribution of MRT values simulated by HTRDR-
Urban and the MRTg,, and MRTgpage values simulated by
TEB. This is done here for the example of the LCZ4 district,
with y = 30°; the mid-latitude summer atmospheric profile,
with a near-surface air temperature of 294.2 K; and uniform
surface temperatures of Ty, = 314.2 K. All surfaces have a
solar albedo of 0.3 and a terrestrial infrared emissivity of 0.9.
HTRDR-Urban is used to calculate a 1 m resolution MRT
map. It is also used to calculate the downwelling direct solar,
diffuse solar, and terrestrial radiation at the top of the UCL.
These radiative fluxes are used for the meteorological forcing
of TEB. The solar azimuth angle used by HTRDR-Urban is
337.5° from the north (clockwise), whereas TEB assumes a
uniform street orientation with respect to the solar azimuth.

4 Results

4.1 Solar radiation in urban morphologies without
trees

The results for the direct-only downwelling solar radiation
and the LCZ2a, LCZ4, and LCZ9 morphologies are shown
in Fig. 2. The results for the other morphologies are shown
in Figs. B1 to B3. For LCZ9, with it§ low Ap and Ay, most
of the downwelling solar radiation (Qp) is absorbed by the
ground (Qg) or reflected (Qy), except for low values of y
when the walls absorb (Qw) most of the QOp. This is cap-
tured by TEB-Classical and TEB-SPARTACUS. However,

for TEB-Classical, % is overestimated, and —S—G is under-

D
estimated for y between 5 and 20°. This is because the in-
finitely long street canyon geometry used by TEB-Classical
leads to shading of building walls by other buildings that
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is too low (Schoetter et al., 2023). TEB-SPARTACUS cor-
rects this shortcoming of TEB-Classical almost perfectly
because the cube-like LCZ9 morphology respects well the
SPARTACUS-Urban assumption of a decreasing exponen-
tial function for pww and pgw (Stretton et al., 2022). Similar
to the results of Caliot et al. (2023), the TEB-Classical re-
sults are almost identical to the HTRDR-Urban results for
the infinitely long street canyon, which is due to the ana-
lytical solution of the radiosity method under these condi-
tions (vacuum and Lambertian surfaces). For y belQW 5°, the

fraction of solar radiation absorbed by the roofs (%) is un-

derestimated by both TEB-Classical and TEB-SPARTACUS
because with a uniform Hy,jg, the shading of the roofs by
higher buildings cannot be represented. This shortcoming of
TEB-SPARTACUS could be overcome by introducing a va-
riety of building heights at each grid point in TEB, which
is demonstrated by the almost perfect agreement between
SPARTACUS-Urban and HTRDR-Urban.

For LCZ2a, TEB-Classical overestimates —QQ-% and un-

derestimates —g—g for y between 20 and 75° for the same
reason as for LCZ9. This problem is improved by TEB-
SPARTACUS, but there are still small biases of QW and QG

because the selected LCZ2a with street canyons and bu1ld1ng
courtyards has pww and pgw, which deviate more from the
decreasing exponential function than for LCZ9. For LCZ2a,
the SPARTACUS-Urban results are also slightly different
from the HTRDR-Urban results, which could be due to the
deviation of pyww and pgy from the decreasing exponential
distribution. )

For LCZ4, TEB-SPARTACUS improves gw and gc over
TEB-Classical for y above 20°. For lower y, deficiencies of
TEB-SPARTACUS remain because it does not represent the
heterogeneous building height. The results for SPARTACUS-
Urban show that the inclusion of a variety of building heights
in TEB could significantly improve the results for the LCZ4
morphology consisting of blocks without internal courtyards.

Figure 3 shows I' for all urban morphologies and ra-
diative observables. For both TEB-Classical and, TEB—
SPARTACUS, the highest T values are found for —QQ-% and
—g—g, while —Q—E and —Q-% have lower T'. The T values are
highest for the high-rise LCZ1 and LCZ4 morphologies
and lowest for the low-rise LCZ3, LCZ6, LCZ8, and LCZ9
morphologies. No difference between TEB-Classical and
TEB-SPARTACUS is found for £ b-— because both do not
consider a variety of building heights at each grid point.
TEB-SPARTACUS leads to a significant improvement of
the other radiative observables for most urban geometries.
TEB-SPARTACUS reduces T" for —g% compared to TEB-
Classical by 50 % to 90 % for all morphologies, except for
LCZ1 (—16 %), LCZ2a (—34 %), and LCZ2a with flat roofs
(—=19%). For LCZ1, the large variety of building heights
leads to a lower improvement due to TEB-SPARTACUS,
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whereas for LCZ2 it is the prevalence of courtyards and street
canyons that leads to deviations from the decreasing expo-
nential distribution assumption for pyw and pgy. With TEB-

SPARTACUS, the T values for gG are reduced by 40 % to

70 % compared to TEB-Classical, again with the exception
of LCZ1 (—13 %), LCZ2a (—11 %), and LCZ2a with flat
roofs (—35 %). TEB-SPARTACUS reduces the T values for
g% by 35 % to 62 %, except for LCZ1, LCZ2a, and LCZ6a

for which it increases. However, this result must be mod-

ulated since —g—g is probably only well simulated by TEB-

Classical due to error compensation. The comparison of the
results for pitched and corresponding flat roof morphologies
shows that TEB—-SPARTACUS reduces the uncertainties in
the radiative observables for pitched roof morphologies to an
extent comparable to that of flat roof morphologies.

Figure 4 shows the I' values obtained for TEB-Classical
and TEB-SPARTACUS for the purely diffuse downwelling
solar radiation. The results are similar to those obtained for
direct downwelling solar radiation. For Q.—E, the T" values are
the same for TEB-Classical and TEB-SPARTACUS because
both do not take into account the variety of building heights.
The T values for 2¥ are reduced by 50 % to 95 % for all mor-
phologies, except LCZl and LCZ2a with flat roofs, where
they are increased by 40 %. The I' values for QG are reduced
by 50 % to 95 % with the noted exceptions of LCZI (increase
of 23 %), LCZ2a (decrease of only 11 %), and LCZ9 with
pitched roofs (increase of 2 %). However, for LCZ9 with flat
roofs, I' is reduced by 84 % with TEB SPARTACUS com-
pared to TEB-Classical. The I" for QU is reduced by 25 % to
97 % with TEB-SPARTACUS compared to TEB-Classical,
except for LCZ1 and LCZ2a, where it increases but starts

from very low values in TEB-Classical, which could be due
to an error compensation.

4.2 Solar radiation in urban morphologies with trees

For direct downwelling solar radiation, Fig. 5 shows the re-
sults for the LCZ5 and LCZ9 districts with flat roofs and
10 m high trees. The detailed results for the LCZ2a and LCZ4
districts with flat roofs and trees are shown in Fig. C1. Fig-
ure 6 shows the T values for all radiative observables and
all districts with trees. The LCZ9 district is particular in
the way that the trees are quite large (Hiee = 10m) com-
pared to the low-rise buildings (Hmean = 6.2 m). As a conse-
quence, the fraction of downwelling solar radiation absorbed

by the trees (Q—E) increases from below 0.1 for y above 45°

to above 0.5 for a y of 1°. TEB-Classical represents the
trees as a turbid layer that fills the entire street canyon be-
tween the trunk and the tree height without taking into ac-
count the individual tree borders. It therefore does not cap-

ture the increase in QT for low values of y. As a result, %
is slightly underestimated by TEB-Classical for y above 45°
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Fi.gure 2. Fraction of the downwelling direct solar radiation (QD) that is reflected by the city (QU), absorbed by the roofs (QR), the walls
(Qw), or the ground (Q ) simulated by the reference model Monte Carlo model HTRDR-Urban, the urban radiation model SPARTACUS-
Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban (TEB-SPARTACUS) radiation

scheme. The values of opax indicate the maximum value of the standard deviation of the radiative observable obtained from the Monte Carlo
simulations for all values of solar elevation angle.
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Figure 3. Normalised mean absolute error (I'; Eq. 24) of the direct
solar radiation that is reflected by the city (QU) absorbed by the
roofs (OR), the walls (Qw) or the ground (QG) when simulated
by TEB with the Classical (TEB-Classical) and the SPARTACUS-
Urban (TEB-SPARTACUS) radiation scheme. L1 is LCZ1, L2af is
LCZ2a with flat roofs, and so on.

and strongly underestimated for lower y. TEB-SPARTACUS
simulates % well. The other terms of the solar radiation
budget are also improved with TEB-SPARTACUS compared
to TEB-Classical. —QQ-E is significantly reduced for y below
20° with TEB-SPARTACUS due to the enhanced shading
of walls by trees compared to TEB-Classical. QG is reduced

for y below 60° with TEB-SPARTACUS because there is
more shading from trees; 1t matches better with the refer-
ence HTRDR-Urban. The U Q
SPARTACUS because there are more multiple reflections of
solar radiation, leading to a lower probability of reflection
towards the sky. Similar to the LCZ9 district without trees,
R is found for TEB-SPARTACUS be-
cause it neglects the Varlety of building heights. The results
for SPARTACUS-Urban show that this can be corrected to
achieve near-perfect results by taking the variety of build-
ing heights into account. Similar improvements of the radia-
tive observables with TEB-SPARTACUS compared to TEB-
Classical are found for LCZ9 with pitched roofs.

For LCZ5 with flat (pitched) roofs, TEB-SPARTACUS re-

duces the T for —QQ% by 76 % (68 %), by 63 % (65 %) for

%, and by 16 % (20 %) for %. For %, there is no dif-
ference because the buildings are higher than the trees. The
are higher for TEB—SPARTACUS than for

is lower for all y with TEB—

an overestimation of 28

T values for U Q
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Figure 4. Absolute error (I'; Eq. 25) of the fraction of diffuse so-
lar radiation that is reflected by the city (QU) absorbed by the

roofs (Q]‘;) the walls (Q‘I’;’) or the ground (Qg) when simulated

by TEB with the Classical (TEB-Classical) and the SPARTACUS-
Urban (TEB-SPARTACUS) radiation scheme. L1 is LCZ1, L2af is
LCZ2a with flat roofs, and so on.

TEB-Classical, but this could be due to the fact that for TEB-
Classical the % is well simulated due to error compensation.

D
SPARTACUS-Urban almost perfectly simulates all radiative
observables of the LCZ5 morphology with trees.

For LCZ4, the T Values are reduced by 79 % for —QQ%

and gT by 74 % for €S, and by 25 % for gU with TEB-
SPARTACUS compared to TEB-Classical and are unchanged
for g“. SPARTACUS-Urban simulates almost perfectly all

D
radiative observables of the LCZ4 morphology with trees.
For LCZ2a with flat (pitched) roofs, TEB— SPARTACUS

reduces T by 10 % (19 %) for and by 24 % (1 %) for

The T values are low because not much radiation reaches

the few trees in this dense mid-rise morphology; the T" for
% is almost unchanged between TEB—SPARTACUS and

TEB-Classical. For %, TEB-SPARTACUS leads to higher
D

values of T than TEB-Classical, which could be due to
error compensation leading to good performance of TEB-
Classical. SPARTACUS-Urban has similar shortcomings to
LCZ2a without trees, which is due to the deviation of pyw
and pew from the decreasing exponential function.
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Figure 7 shows the I' of the radiative observables for dif-
fuse downwelling solar radiation and the urban morpholo-
gies with trees. The results are similar to those for direct so-

lar radiation. The I" values for “g_; are reduced by 50 % to

90 % with TEB-SPARTACUS. For g_w the I" values are re-

duced by 73 % to 97 % with TEB—S%ARTACUS, with the
notable exception of LCZ2a with flat roofs (67 % increase).
This could be because TEB-Classical gives good results for
the wrong reason due to error compensation. The I' values
for —g—g are reduced by 48 % to 98 % for TEB—-SPARTACUS,
except for LCZ2a, where they increase by 24 %. For %,
there is no clear result. There is a decrease in the I" values
for LCZ4 and LCZ9 but an increase for LCZ2a and LCZ5.

4.3 Terrestrial radiation

Figure 8 shows the I' of the terrestrial radiation radiative ob-
servables for TEB-Classical and TEB—SPARTACUS and the
urban morphologies without trees. The I" values for the ter-
restrial radiation exchanged by the roofs (ER) are very small,
except for LCZ1 because the variety in building heights is
not taken into account. For ER, there is no difference in I
between TEB-SPARTACUS and TEB-Classical.

For the terrestrial radiation exchanged by the walls (Ew),
the I" values for TEB-Classical are larger for the mid- and
high-rise morphologies and when Ty, is greater than the
near-surface air temperature of 294.2 K. For Ty, = 284.2 K,
TEB-SPARTACUS reduces I" by about 10 %, except for the
low-rise LCZ9, LCZ8, and LCZ6b and the high-rise LCZ1.
So there is only a small improvement for the case where
the skin surface temperature is 10 K lower than the air tem-
perature near the surface. For Ty, s =294.2K, T" is reduced
by about 30 %, except for the low-rise LCZ9, LCZS8, and
LCZ6b for which it is almost unchanged and the LCZ1
and (LCZ2 with flat roofs) for which it decreases by 85 %
(80 %). The results for Tgyr = 304.2 K, Tgyf = 314.2K, and
Tsurf = 324.2 K are similar to those for Ty, =294.2K. I' is
reduced by 40 % to 80 % for most morphologies, but the I"
reduction is lower or absent for LCZ9, LCZ8, and LCZ6a.

The results for the I' values of the terrestrial radiation ex-
changed by the ground (Eg) are similar to those for Ew.
For Tyt = 284.2 K, TEB-SPARTACUS reduces I" by 20 %
to 30 %, except for LCZ9, LCZ8, and LCZ6b for which it
is reduced by only 10 % to 15 %. For Tyr =284.2K, T is
reduced by 30 % to 80 %, with the lowest reductions found
for the low-rise morphologies mentioned above. For Ty f =
304.2K, Tyt =314.2K, and Tyyr = 324.2K, I is reduced
by between 55 % and 99 % for all morphologies, except for
LCZ1.

For the terrestrial radiation exchanged with the sky (E sky)s
the I values for TEB-Classical are very small for T f=
284.2K and increase for higher values of Tyyf. TEB-
SPARTACUS reduces the I" values for Esky by 50 % to 99 %
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for Ty =294.2K, Tof=304.2K, Touwf=314.2K, and
Tourf = 324.2K. For Ty =284.2K, TEB-SPARTACUS
does not reduce the I' values for the LCZ9, LCZS8, and
LCZ6b, and for the other districts, it is reduced by 50 % to
98 %.

Figure 9 shows the I' values for the terrestrial radia-
tion radiative observables and the urban morphologies with
trees. The T' values for the terrestrial radiation exchanged
by the trees (ET) are reduced by 45 % to 97 % with TEB—
SPARTACUS compared to TEB-Classical, with the no-
table exception of LCZ9 with Tg,f =284.2K. The I" val-
ues for Ew are lower for TEB-SPARTACUS than for TEB-
Classical, except for LCZ2a with flat roofs and Tyt > Tar.
The I' reduction is about 15 % for Tyt =284.2K, 40 %
for Tsurs = 294.2 K, 50 % to 70 % for Ty s = 304.2K, 58 %
to 86 % for Tgyr=314.2K, and 62 % to 92 % for Tgy =
324.2K. The I" values for EG are reduced with TEB-
SPARTACUS for all urban morphologies, except the LCZ9
ones. The reduction is 20% to 30 % for Ty, =284.2K,
46 % to 78 % for Ty =294.2K, 55 % to 99 % for Tyt =
304.2K, 60 % to 99 % for Tgys = 314.2K, and 64 % to 92 %
for Tout = 324.2 K. TEB-SPARTACUS reduces the I" values
of Esky by 50 % to 96 % for Ty, = 284.2 K, by 88 % to 96 %
for Tourf = 294.2 K, by 91 % to 96 % for Tyt = 304.2 K, and
by 91 % to 97 % for Tyt = 314.2 K and Ty, = 324.2 K.

4.4 Mean radiant temperature

The spatial distribution of MRT simulated by HTRDR-Urban
in the LCZ4 district (Fig. 10a) is strongly influenced by the
shading from buildings. Its probability density (Fig. 10b)
shows that the MRT values lie between 34 and 42 °C in
the shaded areas and between 60 and 70°C in the sunlit
areas. The highest MRT values are near the walls, which
are exposed to the Sun because of the reflected solar ra-
diation. There are almost no MRT values between 42 and
60 °C, which means that the TEB approach to providing a
diagnostic for MRT,, and MRTgp,ge is useful in this case.
TEB-Classical simulates a value that is too high for both
MRTy,, and MRTgpade. The TEB-SPARTACUS values for
MRTgy, and MRTgp,ge are 2.5 °C lower than the values sim-
ulated by TEB-Classical. The MRTy,, value simulated by
TEB-SPARTACUS agrees very well with the most frequent
MRT values simulated by HTRDR-Urban in the sunlit ar-
eas. The MRTgpade value simulated by TEB-SPARTACUS
is still 4 °C higher than the most frequent MRT values sim-
ulated by HTRDR-Urban in the shaded areas. The general
overestimation of MRTgpage by TEB could be due to the
consideration of the diffuse downwelling solar radiation as
isotropic, whereas, in reality, part of it comes from a di-
rection close to the Sun. In the reference model HTRDR-
Urban, this is represented, leading to lower MRT values in
the shaded areas because the circumsolar diffuse radiation
does not reach the human body. As shown in Fig. 2, for LCZ4
and y = 30°, with TEB-Classical, not enough direct solar ra-
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Figure 5. Fraction of the direct downwelling solar radiation (Op) that is reflected (Qy) and that is absorbed by the roofs (OR), the
walls (Qw), the ground (Qg), or urban trees (QT) simulated by the reference Monte Carlo model HTRDR-Urban, the urban radiation
model SPARTACUS-Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban (TEB-
SPARTACUS) radiation scheme for the LCZ5 and LCZ9 districts with trees. The values of oyax indicate the maximum value of the standard
deviation of the radiative observable obtained from the Monte Carlo simulations for all values of solar elevation angle.
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Figure 6. Normalised mean absolute error (I'; Eq. 24) of the direct
solar radiation that is reflected by the city (QU) absorbed by the
walls (Qw) the ground (Qc,) or urban trees (QT) when simulated
by TEB with the Classical (TEB-Classical) and the SPARTACUS-
Urban (TEB-SPARTACUS) radiation scheme for all urban mor-
phologies with trees. The results for the direct solar radiation ab-
sorbed by the roofs (QR) are not shown because the differences be-
tween TEB-Classical and TEB-SPARTACUS are very small. L2a
is LCZ2a, L2af is LCZ2a with flat roofs, and so on.

diation reaches the ground and too much reaches the walls.
The MRTyy,, value is therefore too high in TEB-Classical be-
cause too much solar radiation reflected by the walls reaches
the human body, which is assumed to be in the sun. The
MRThage value is too high in TEB-Classical for the same
reason. TEB-SPARTACUS corrects this problem for both
MRTyy,, and MRTgpade. The uncertainty in MRTgp,ge arising
from the use of the radiative fluxes at ground level instead
of 1 m above ground level has been estimated to be 0.6 K.
Since the sensitivity of thermal comfort indicators such as
the UTCI to MRT is about 0.25 K (Schoetter et al., 2013), this
uncertainty in MRT leads to an uncertainty of 0.15 K of such
indicators. Additional output diagnostics could be added in
future SPARTACUS-Urban versions to eliminate this uncer-
tainty.

5 Discussion

The validation of TEB—-SPARTACUS with the Monte-Carlo-
based reference model HTRDR-Urban shows improvements
in radiative observables related to solar and terrestrial radia-
tion over a variety of urban morphologies.
TEB-SPARTACUS corrects a major shortcoming of the
infinitely long street canyon assumption of TEB-Classical,
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Figure 7. Absolute error (I"; Eq. 25) of the fraction of diffuse solar
radiation that is reflected by the city (QU) absorbed by the walls

(Q‘I’)’) the ground (Qg) or the urban trees (QT) when simulated
by TEB with the Classical (TEB-Classical) and the SPARTACUS-
Urban (TEB-SPARTACUS) radiation scheme. The results for the
fraction of radiation absorbed by the roofs are not shown be-
cause they differ only slightly between TEB-Classical and TEB—
SPARTACUS. L1 is LCZ1, L2af is LCZ2a with flat roofs, and so
on.

which was documented by Schoetter et al. (2023). This short-
coming consists of the absorption of direct solar radiation
that is too high (too low) by the building walls (the ground)
due to the wrong distribution of wall-to-wall distances. This
improvement can be of the order of 10 % of the downwelling
direct solar radiation, thus potentially improving the simu-
lated energy balance of buildings or ground vegetation and
outdoor human thermal comfort.

For direct downwelling solar radiation averaged over all
solar elevation angles, TEB-SPARTACUS simulates almost
all radiative observables with a higher accuracy than TEB-
Classical. The error is reduced by 50 % to 90 % for block-
like urban morphologies such as LCZ3, LCZ4, LCZ5, LCZ8,
LCZ9, and LCZ10. For these morphologies, the decreasing
exponential function assumption for the distribution of wall-
to-wall and ground-to-wall distances made by SPARTACUS-
Urban holds. But, also for the other morphologies, the
radiative observables are simulated more accurately with
TEB-SPARTACUS than with TEB-Classical. For the diffuse
downwelling solar radiation, the results are very similar to
those for the direct downwelling solar radiation when aver-
aging over different values of the solar elevation angle. TEB—
SPARTACUS reduces the error in the radiative observables

Geosci. Model Dev., 18, 405-431, 2025
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Figure 8. Absolute error (I'; Eq. 25) of the terrestrial radiation that the city exchanges with the sky (Esky) and that is exchanged by the
roofs (ER), the walls (EW), and the groupd (Eg) when simulated by TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban

(TEB-SPARTACUS) radiation scheme. ER is not shown because its I' does not differ between TEB-Classical and TEB-SPARTACUS. L1
is LCZ1, L2af is LCZ2a with flat roofs, and so on.
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Figure 9. Absolute error (I'; Eq. 25) of the terrestrial radiation that the city exchanges with the sky (Esky) and that is exchanged by the

walls (EW), the ground (EG), and the trees (ET) when simulated by TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban
(TEB-SPARTACUS) radiation scheme. L.2a is LCZ2a, L2af is LCZ2a with flat roofs, and so on.
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Figure 10. (a) Spatial distribution at 1 m horizontal resolution of the mean radiant temperature simulated by HTRDR-Urban in the LCZ4
district with y =30° and a solar azimuth angle of 337.5° from north (clockwise). (b) Probability density of mean radiant temperature
simulated by HTRDR-Urban and the MRTgyn and MRTp,4e values simulated by TEB-Classical and TEB-SPARTACUS.

by 50 % to 95 %, with the exception of the compact high-rise
LCZ1 and the dense mid-rise LCZ2. TEB-SPARTACUS im-
proves the solar radiation absorbed by urban trees because it
represents trees as cylinders, conserving the tree surface area
in contact with the air and buildings. This contact area is un-
derestimated by TEB-Classical, which treats urban trees as a
homogeneous turbid layer that fills the entire street canyon
in the horizontal direction and between the trunk and the tree
height in the vertical direction. TEB-SPARTACUS can also
represent trees higher than buildings, leading to improved re-
sults for such urban districts. As a result of the improved sim-
ulation of the interaction of radiation with urban trees, the
other radiative observables are also improved. The improved
representation of the radiation absorbed by urban trees could
potentially improve the results of simulated evapotranspira-
tion, photosynthesis, or CO, uptake by trees. Uncertainties in
the direct solar radiation observables for low values of the so-
lar elevation angle are found with TEB—SPARTACUS for the
high-rise districts, which is due to the neglect of the variety
of building heights. These uncertainties could become more
relevant in urban districts with heterogeneous building types,
i.e. consisting of a mixture of LCZs. The results obtained
when simulating the districts with SPARTACUS-Urban and
a 1 m resolution vertical discretisation of building density
and characteristic diameter show that SPARTACUS-Urban
is well suited to handle such a variety of building heights.
The consideration of a variety of building heights on a dis-
trict scale is therefore a logical next step in the development
of TEB.

Schoetter et al. (2023) found that the effective urban

albedo (£U) is an observable that is not strongly influenced

D
by the simplifications of urban morphology such as the as-
sumption of an infinitely long street canyon. The results of
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the present study are consistent with these earlier findings
since only little or no improvement in the simulated effec-
tive urban albedo is found when using TEB-SPARTACUS
instead of TEB-Classical.

TEB-SPARTACUS leads to a reduction in the uncertain-
ties in simulated radiative observables for terrestrial infrared
radiation. The improvement is particularly high (50% to
99 %) when the skin surface temperature is higher than the
near-surface air temperature, which is often the case in ur-
ban areas. The improvement is found for all urban morpholo-
gies, except for LCZ1, where the variety of building heights
must be taken into account to obtain good results. TEB—
SPARTACUS reduces the error in the simulated absorption of
terrestrial infrared radiation by urban trees by 45 % to 97 %
and, consequently, also the other radiative observables in ur-
ban districts with trees.

The validation of the mean radiant temperature simulated
by TEB-Classical and TEB-SPARTACUS for an open high-
rise district has shown that, given the bimodal distribution
of MRT in the district, the strategy used in TEB of providing
one MRT value for a person in the shade and one for a person
in the sun is useful. Furthermore, the MRT values for shade
and sun simulated by TEB-SPARTACUS are closer to the
most frequent values in the shaded and sunlit areas simulated
by HTRDR-Urban than those simulated by TEB-Classical.
This is because the amount of solar radiation reflected by
the building walls on the human body is better simulated by
TEB-SPARTACUS than by TEB-Classical.

The present study has several limitations. Only urban dis-
tricts with one building type and morphology were studied.
In real cities, there is often a variety of building types in one
district, leading, for example, to a greater variety of build-
ing heights than in the districts investigated in this study. As
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TEB-SPARTACUS does not represent the variety of build-
ing heights, it may predict radiative observables with less
accuracy in such districts. Furthermore, no variety of urban
material albedo, emissivity, or skin surface temperature were
investigated. TEB-SPARTACUS may have different perfor-
mances for heterogeneous districts than for the homogeneous
ones that were investigated in this study. Also, only one type
of urban tree with a homogeneous height and diameter was
investigated. Urban districts with a variety of tree types and
tree characteristics should be analysed to investigate whether
the results of this study still apply to them.

In real cities, overhanging and pitched roofs are common.
Simulations with HTRDR-Urban (not shown) show that such
features can strongly change the direct solar radiation bud-
get (e.g. the partitioning between the radiation absorbed by
the roofs or the walls). Neither TEB-Classical nor TEB—
SPARTACUS represents such features. The accuracy of the
simulated radiative observables reported here may therefore
be too high compared to real cities.

The mean radiant temperature simulated by TEB has only
been analysed for one urban district and one solar zenith and
azimuth angle. Further research is required to quantify how
well the TEB diagnostics of MRT in shade and sun compare
with the actual distribution of MRT in a variety of urban dis-
tricts and with a variety of solar positions.

6 Conclusions

The TEB urban canopy model has been coupled with the
urban radiation model SPARTACUS-Urban, which uses a
decreasing exponential for the probability density function
of the wall-to-wall and ground-to-wall distances. This is
more realistic than the assumption of an infinitely long
street canyon used by the original TEB. While the original
TEB uses the radiosity method to calculate the radiative ex-
changes, SPARTACUS-Urban solves the RTE using the dis-
crete ordinate method. This allows us to take into account
many additional physical processes such as specular reflec-
tions, wavelength-dependent albedo of urban materials, and
the interaction of radiation with the air, aerosols, or fog in
the UCL. SPARTACUS-Urban also represents urban trees in
a more realistic way, particularly as cylinders that represent
the contact surface between trees, air, and building walls.
The TEB—SPARTACUS coupling has been made in a very
simple way, preserving the geometric complexity of the orig-
inal TEB; i.e. there is no variation in building height at each
grid point. Furthermore, the urban material albedo and emis-
sivities in TEB are still independent of the wavelength, and
atmospheric scattering and absorption are not considered in
TEB-SPARTACUS. The difference between TEB-Classical
and TEB-SPARTACUS is therefore only due to the changed
assumptions about the urban and tree geometry and the re-
placement of the radiosity method by the discrete ordinate
method to calculate the radiative exchanges. With TEB-
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SPARTACUS, the outdoor mean radiant temperature for a
cylindrical human body can be diagnosed based on the radia-
tive fluxes in the vertical and horizontal directions using the
discrete ordinate method instead of the radiosity method in
TEB-Classical.

TEB-SPARTACUS has been validated against a Monte-
Carlo-based reference model (HTRDR-Urban) for procedu-
rally generated urban morphologies that mimic the local cli-
mate zones. The urban morphologies are homogeneous as
there is no variety of LCZ, albedo, emissivity, or skin sur-
face temperature at the scale of the district. A significant im-
provement over TEB-Classical of the key radiative observ-
ables, i.e. the direct and diffuse solar, and terrestrial radi-
ation exchanged by the roofs, the walls, the ground, urban
trees, and the sky is found when using TEB-SPARTACUS.
This could improve the simulated building energy balance
(e.g. the heating and air-conditioning energy consumption),
outdoor human thermal comfort, urban vegetation evapotran-
spiration and CO;, uptake, and even the urban heat island ef-
fect.

The next step in the development of TEB-SPARTACUS
is to consider a variety of building heights at each grid point
as this will improve radiative observables in high-rise dis-
tricts and districts with heterogeneous building heights. Also,
an atmospheric radiation scheme could be used by TEB—
SPARTACUS to calculate the scattering and absorption of
radiation in the UCL. This can improve the simulated terres-
trial radiation (Hogan, 2019b; Schoetter et al., 2023). Fur-
thermore, TEB—SPARTACUS can be used in urban climate
simulations when TEB is coupled with an atmospheric model
such as Meso-NH (Lac et al., 2018) to investigate its impact
on the urban heat island effect.

Geosci. Model Dev., 18, 405-431, 2025
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Appendix A: Input and output parameters for
SPARTACUS-Urban when used in TEB

Table A1l describes how the SPARTACUS-Urban input pa-
rameters are specified when it is used within TEB, and Ta-
ble A2 describes how the output of SPARTACUS-Urban is

used by TEB.

Table A1. Input parameters for SPARTACUS-Urban when called by TEB.

Symbol Parameter Unit  Provenance
Qagg Aggregated albedo of roof, wall, ground 1 Eq. (4)
Ossa, air, Iw Single-scattering albedo of terrestrial radiation with air 1 Setto 0
Clssa, air,sw Single-scattering albedo of solar radiation with air 1 Setto 0
Ogsa tree,lw  Single-scattering albedo of terrestrial radiation with a leaf 1 Eq. (10)
Ossa,tree,sw  Single-scattering albedo of solar radiation with a leaf 1 Setto 0.4
D Characteristic building diameter m Eq. (3)
Diree Characteristic tree diameter m Setto Sm
€agg Aggregated emissivity of roof, wall, ground 1 Eq. (5)
Jref,specular ~ Fraction of specular reflections from the walls 1 Setto 0
FCfree Fraction of trees in contact with walls 1 Eq. (9)
FSDyree Fractional standard deviation of tree optical depth 1 Setto 0
kext,air, Iw Terrestrial radiation extinction coefficient of air m!  Setto0
kext,air,sw Solar radiation extinction coefficient of air m~!  Setto0
kext, tree Extinction coefficient of urban trees m™! Eq. (11)
Ap Plan area building density 1 TEB variable
Atree Plan area tree density 1 TEB variable
Tagg Aggregated skin surface temperature of roof, wall, ground K Eq. (6)
Tair Temperature of the clear-air region K Interpolated from TEB SBL levels
Tair,veg Air temperature of the vegetation region K Equal to Ty,
Tsurt, tree Skin surface temperature of the leaf K TEB variable
Table A2. Output parameters of SPARTACUS-Urban used by TEB.
Symbol Parameter Unit Destination
Qtown, diff, sw Diffuse solar albedo of city 1 Coupling with atmospheric model
Qtown, dir,sw Direct solar albedo of city 1 Coupling with atmospheric model
fracgr sunlit Fraction of sunlit ground 1 Diagnostic for human thermal comfort quantification
LW g Terrestrial radiation absorbed by urban facet Wm~2 TEB prognostic equation of facet temperature
LWdown, gr Downwelling terrestrial radiation at ground level Wm~—2  Calculation of MRT (Eq. 12)
LWhor,gr Terrestrial radiation at ground level on vertical plane Wm~2  Calculation of MRT (Eq. 12)
LWince Terrestrial radiation incident on urban facet Wm—2 TEB prognostic equation of facet temperature
LWuyp,gr Upwelling terrestrial radiation at ground level Wm~2  Calculation of MRT (Eq. 12)
SWabs Solar radiation absorbed by urban facet Wm~2 TEB prognostic equation of facet temperature
SWdown,diff,gr ~ Downwelling diffuse solar radiation at ground level Wm~—2  Calculation of MRT (Eq. 12)
SWdown,dir,er ~ Downwelling direct solar radiation at ground level Wm~2  Calculation of MRT (Eq. 14)
SWhor, diff, gr Diffuse solar radiation at ground level on vertical plane Wm~—2  Calculation of MRT (Eq. 12)
SWinc Solar radiation incident on urban facet Wm~2  TEB prognostic equation of facet temperature
SWup, diff, gr Upwelling diffuse solar radiation at ground level Wm~2  Calculation of MRT (Eq. 12)
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Appendix B: Results for direct-only downwelling solar

radiation without trees

The following figures display the solar radiation budget for
all urban morphologies with flat roofs and direct down-

welling solar radiation.
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Figure B1. Fraction of the downwelling direct solar radiation (Op) that is reflected by the city (Oy), absorbed by the roofs (OR),
the walls (Qw), or the ground (Qg) as simulated by the reference model Monte Carlo model HTRDR-Urban, the urban radiation
scheme SPARTACUS-Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban (TEB—
SPARTACUS) radiation scheme. The values of omax indicate the maximum value of the standard deviation of the radiative observable
obtained from the Monte Carlo simulations for all values of solar elevation angle.
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Figure B2. Fraction of the downwelling direct solar radiation (Op) that is reflected by the city (QU), absorbed by the roofs (OR), the walls
(Qw), or the ground (QG) as simulated by the reference model Monte Carlo model HTRDR-Urban, the urban radiation model SPARTACUS-
Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban (TEB-SPARTACUS) radiation
scheme. The values of omax indicate the maximum value of the standard deviation of the radiative observable obtained from the Monte Carlo

simulations for all values of solar elevation angle.
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Figure B3. Fraction of the downwelling direct solar radiation (QD) that is reflected by the city (QU), absorbed by the roofs (QR), the walls
(QW), or the ground (Qg) as simulated by the reference model Monte Carlo model HTRDR-Urban, the urban radiation model SPARTACUS-
Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban (TEB-SPARTACUS) radiation
scheme. The values of oax indicate the maximum value of the standard deviation of the radiative observable obtained from the Monte Carlo
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simulations for all values of solar elevation angle.

https://doi.org/10.5194/gmd-18-405-2025

Solar elevation angle [°]

Geosci. Model Dev., 18, 405-431, 2025



428 R. Schoetter et al.: Coupling TEB with SPARTACUS-Urban

Appendix C: Results for direct-only downwelling solar
radiation with trees

The following figure displays the solar radiation budget for

the LCZ2a and LCZ4 morphologies with trees and direct
downwelling solar radiation.
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Figure C1. Fraction of the downwelling direct solar radiation (Op) that is reflected by the city (Ov), absorbed by the roofs (OR), the
walls (Ow), the ground (Qg), or the urban trees (QT) as simulated by the reference model Monte Carlo model HTRDR-Urban, the urban
radiation model SPARTACUS-Urban, and the urban canopy model TEB with the Classical (TEB-Classical) and the SPARTACUS-Urban
(TEB-SPARTACUS) radiation scheme. The values of omax indicate the maximum value of the standard deviation of the radiative observable
obtained from the Monte Carlo simulations for all values of solar elevation angle.
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