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Abstract

Urban canopy models simplify urban morphology and physical processes such
as radiative transfer to calculate the urban surface energy balance as a lower
boundary condition for atmospheric models at low computational cost. The
present study uses a reference model of urban radiative transfer based on the
Monte Carlo method, which solves the radiative transfer equation by taking
into account the complex geometry of buildings and vegetation. Procedurally-
generated urban morphologies similar to the Local Climate Zones (LCZ) are
studied to cover the variety of urban forms that exist globally. The uncertain-
ties arising from the simplification of the urban morphology as an infinitely-
long street canyon or a regular array of square blocks are quantified. In addi-
tion, uncertainties due to the neglect of specular or spectral material reflectivi-
ties and the involved atmosphere are investigated. It is found that for all LCZ,
the street canyon and block morphologies lead to a systematic overestima-
tion (underestimation) of the fraction of solar radiation absorbed by the walls
(ground). The neglect of pitched roofs has a strong influence on the simulated
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urban solar radiation budget for low solar elevation angles. Neglecting the
spectral reflectivity of urban materials does not lead to relevant uncertainties
in the broadband radiative fluxes. Specularly reflecting windows only change
the urban solar radiation budget for a central business district morphology
with a high glazing ratio. The participating atmosphere can strongly influence
the urban terrestrial radiation budget, especially for high-rise districts. Fu-
ture urban canopy models should therefore improve the realism of the urban
morphology, and consider a participating atmosphere for the calculation of
terrestrial radiation.

Keywords Monte Carlo Method - Reference model - Uncertainty quantifica-
tion - Urban canopy model - Urban radiative transfer

1 Introduction

About 60% of the world’s population lives in cities, and urbanisation is ex-
pected to continue (UN 2019). Urban populations are potentially exposed to
heat stress, exacerbated by the (nocturnal) urban heat island (UHI) effect
(Arnfield 2003) and global climate change (Collins et al. 2013). Radiative
transfer in the complex three-dimensional urban morphology is a key physical
process for the UHI (Oke 1982; Krayenhoff et al. 2014; Best and Grimmond
2015), building energy consumption (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). Multiple reflections in the three-
dimensional urban morphology reduce the effective solar reflectivity (albedo) of
cities and increase the effective emissivity of terrestrial radiation. The radiative
energy balance of the building envelope, and solar heat gain through windows
is different in dense urban areas compared to isolated buildings. This can af-
fect building energy consumption for heating, ventilation, and air-conditioning
(HVAC), which accounts for about 40% of the global primary energy consump-
tion (Yang et al. 2014). Outdoor human thermal comfort depends on the mean
radiant temperature (MRT) (Hoppe 1999; Thorsson et al. 2007; Mayer et al.
2008; Blazejczyk et al. 2012), which is influenced by solar shading and the
emission of terrestrial radiation by buildings.

Numerical models have been developed to quantify the urban climate and
to assess the impact of climate change mitigation and adaptation measures
in urban areas. Urban canopy models (Grimmond et al. 2010, 2011) operate
at the meso- (100 m to 10 km resolution) or global (10 km to 200 km reso-
lution) scale and are based on a simplification of urban morphology (e.g., an
infinitely-long street canyon) and physical processes such as radiative transfer.
The building-resolving urban climate models (about 1 m resolution) such as
Envi-Met (Bruse and Fleer 1998), Code_Saturne (Milliez and Carissimo 2007),
IBM-WRF (Lundquist et al. 2012), MITRAS (Salim et al. 2018), PALM-4U
(Maronga et al. 2020; Kr¢ et al. 2021; Salim et al. 2022), or uDALES (Suter
et al. 2022) represent the detailed three-dimensional building morphology, but
are so computationally expensive that they can only be used to simulate a
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period of a few days for a part of a large city. They are not yet suitable for
numerical weather prediction or regional climate simulations.

The aim of the present study is to use a reference model of urban radiative
transfer based on the Monte Carlo Method (MCM) (Villefranque et al. 2019,
2022; Caliot et al. 2022) to quantify the uncertainties due to the simplification
of the radiative transfer calculation in urban canopy models. Such simplifica-
tions are the use of a simple urban morphology (infinitely-long street canyon,
regular blocks) with flat roofs, the assumption of broadband Lambertian ur-
ban materials, or neglecting the scattering and absorption of radiation in the
urban canopy layer by air, aerosols, or clouds. The present study addresses
this knowledge gap to guide future developments of urban canopy models.

2 Radiative Transfer Calculation in Urban Canopy Models
2.1 Simplification of Radiative Transfer Calculation

The radiative transfer equation (RTE) describes the propagation of the three-
dimensional field of spectral radiance in any direction through a potentially
scattering, absorbing, and emitting medium (participating medium). Bound-
ary conditions (e.g., radiation from the sun at the top of the atmosphere or
reflection and emission from the ground) must be taken into account. Solving
the RTE for the urban canopy layer (the volume between the ground and the
tallest buildings), a large number of radiation propagation directions, on a
very high resolution grid (e.g., 1 m), and for the real complex urban morphol-
ogy is too computationally expensive for urban canopy models. Instead, these
models simplify both the urban morphology and radiative transfer physics.
The peer-reviewed scientific literature published since 1970 that is referenced
by Google Scholar and indexed by the keywords urban canopy model, urban
climate model, or urban radiation has been reviewed to determine which radia-
tive transfer calculation methods (Tab. 1) have been used and how the urban
morphology is simplified (Tab. 2). The following methods have been identified:

— Prescribed net radiation: The net radiation at the surface is prescribed.
This method can be used when net radiation observations are available.

— Single reflection from a flat surface: The net exchanged solar (SW,e;)
and terrestrial radiative flux (LW,:) at the surface is calculated by as-
suming that the surface is flat. In this case, there is one reflection of the
downwelling solar (SWaewn ) and terrestrial (LW oy ) radiation at the sur-
face:

SWnet = (a - 1)SWdown (1)
LWipet =€ (OTS4 - LWdO’w’ﬂ) (2)

where « is the broadband albedo, € the emissivity, and T is the skin surface
temperature. The specifics of the three-dimensional urban morphology are
not taken into account.
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— Single reflection from a flat surface with empirical modification of

albedo and emissivity: The effect of the three-dimensional urban mor-
phology is parameterised by an effective urban albedo (lower albedo than
for a flat surface) and/or an effective urban emissivity (higher emissivity
than for a flat surface) in Egs. 1 and 2.
Horizontal layer representing the urban canopy: The urban canopy
is represented by a horizontal layer that is located between the atmosphere
and the ground. This layer may have a different albedo, emissivity, and
skin surface temperature than the ground. It exchanges radiation with the
sky and the ground.
Extinction method: The urban canopy layer is treated as a turbid medium
and the extinction of the radiation propagating through it due to intercep-
tion by buildings is calculated using the Beer-Lambert law. For exam-
ple, Chin et al. (2005) calculate the net radiation as a function of height,
R,c1(z), based on the net radiation at the top of the urban canopy layer,
Rnet<ztop>:

Rnet(z) = Rnet(ztop) exXp (7kL(Z))’ (3)

where k is a user-defined extinction coefficient and L(z) is the cumulative
index of the building surface area:

1) = [ a (e, ()

where A, is the plane area building density.

Radiosity method with analytically calculated shape factors: It is
assumed that the urban surfaces (e.g., the roof, wall, and ground facets) are
opaque and reflect and emit radiation isotropically (Lambertian surfaces).
A matrix of shape factors is computed, which provides the information
about the fraction of radiation leaving facet ¢ (1 < i < Ny) that is inter-
cepted by facet j (1 < j < Ny). The term shape factor is used here because
it specifies the radiative exchange for the average of the facet as opposed to
the view factor, which is specific to a single point (Harman et al. 2004). A
linear system of Ny equations is solved to calculate the radiation incident
on each facet as a function of downwelling solar or terrestrial radiation,
facet reflectivities, and temperatures. For urban morphologies consisting
of rectangular axis-parallel surfaces (e.g. an infinitely-long street canyon),
the shape factors can be calculated analytically. The contribution of the
atmosphere to the radiative exchange between urban facets is neglected.
Discrete ordinates method: The RTE is solved assuming that the dif-
fuse solar and terrestrial radiation travels into 2 Nggeam discrete directions.
An example is the two-stream approximation often used in atmospheric
models, which solves for downwelling and upwelling radiation, e.g. there is
only one stream per hemisphere (Ngtream = 1).

Radiosity method with shape factors calculated by MCM: This
method is the same as the radiosity method, except for the calculation of
the shape factors. At the start of the simulation, rays are randomly traced
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Table 1 Methods to calculate radiative transfer in urban canopy models

Method

Studies

Prescribed net radiation

Myrup (1969); Tso et al. (1990)

Single reflection from a
flat surface

Carlson and Boland (1978); Todhunter and Terjung
(1988) (HFLUX); Saitoh et al. (1996)

Single reflection from a
flat surface with empirical
modification of urban
albedo and emissivity

Outcalt (1972); Todhunter and Terjung (1988)
(URBD, only solar); Grossman-Clarke et al. (2005);
Dupont and Mestayer (2006) (SM2-U); De Ridder
et al. (2015) (UrbClim); Wouters et al. (2016)
(SURY)

Horizontal layer
representing the urban
canopy

Best (2005) (MOSES)

Extinction method

Dupont et al. (2004) (DA-SM2-U); Chin et al. (2005)

Radiosity method with
analytically calculated
shape factors

Arnfield (1976); Todhunter and Terjung (1988)
(URBANS3); Sakakibara (1995); Mills (1997); Ca
et al. (1999); Arnfield (2000); Masson (2000) (TEB);
Kusaka et al. (2001) (SLUCM); Martilli et al. (2002)
(BEP); Kondo et al. (2005); Krayenhoff and Voogt
(2007) (TUF-2D, TUF-3D); Lee and Park (2008)
(VUCM); Oleson et al. (2008); Porson et al. (2010)
(MORUSES); Ryu et al. (2011); Thatcher and
Hurley (2012); Schubert et al. (2012) (DCEP); Wang
et al. (2013); Li et al. (2016) (LM3-UCM)

Discrete ordinates method

Hogan (2019b) (SPARTACUS-Urban)

Radiosity method with
shape factors calculated
by MCM

Kanda et al. (2005a,b) (SUMM); Krayenhoff et al.
(2014); Wang (2014); Ryu et al. (2016); Nice et al.
(2018) (VTUF-3D); Krayenhoff et al. (2020)
(BEP-Tree); Meili et al. (2020) (UT&C); Wang et al.
(2021) (ASLUM)

from each facet and it is count how many rays intersect another facet. The
shape factors are calculated from the results of the MCM raytracing. This
method is well suited for complex morphologies where it is not possible
to calculate the shape factors analytically. For example, when representing
urban vegetation, analytical shape factors can be calculated for a street
canyon with one row of vegetation, but not for more complex vegetation

shapes (Wang et al. 2021).

The most commonly used simplifications of urban morphology are the infinitely-
long street canyon, the square, and the rectangular blocks. They are simple,
but allow the three-dimensional nature of urban morphology to be represented.
For such morphologies with axis-parallel rectangular Lambertian surfaces, it
is convenient to calculate urban radiation using the radiosity method with
analytically calculated shape factors. In the case of urban vegetation with a
complex shape, the shape factors must be calculated using the MCM. An al-
ternative is to consider that the urban canopy layer is a turbid medium and
to use the Beer-Lambert extinction law to calculate how the radiation pass-
ing through it is attenuated by collision with builings. Hogan (2019a,b) show
that for typical urban districts, the distribution of wall-to-wall distances is
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Table 2 Simplified urban morphologies and number of layers (NN;) used in urban canopy
models. For N;=1, the radiative observables are calculated only at ground level, for N;=2
they are calculated separately for the roof and the street canyon, for N;=3 they are calculated
for the roof, wall, and ground, and for N; = N, the radiative observables are calculated for
a user-defined number of layers

Morphology Studies Number of
layers
Flat surface Myrup (1969); Outcalt (1972); Carlson and Boland | 1
(1978); Todhunter and Terjung (1988) (HFLUX,
URBD); Tso et al. (1990); Saitoh et al. (1996);
Grossman-Clarke et al. (2005); Dupont and Mestayer
(2006) (SM2-U); De Ridder et al. (2015) (UrbClim);
Wouters et al. (2016) (SURY)
Horizontal ~ layer | Best (2005) (MOSES) 1
representing  the
urban canopy
Vertically extended | Dupont et al. (2004) (DA-SM2-U); Chin et al. (2005) | N
porous medium
Porson et al. (2010) (MORUSES); Li et al. (2016) | 2
Street canyon (LM3-UCM);
Arnfield (1976); Sakakibara (1995); Ca et al. (1999); | 3
Arnfield (2000); Masson (2000) (TEB); Kusaka et al.
(2001) (SLUCM); Lee and Park (2008) (VUCM); Ole-
son et al. (2008); Ryu et al. (2011); Thatcher and
Hurley (2012); Ryu et al. (2016); Meili et al. (2020)
(UT&C); Wang et al. (2021) (ASLUM)
Martilli et al. (2002) (BEP); Wang et al. (2013); Wang | N
(2014); Krayenhoff et al. (2020) (BEP-Tree)
Double street | Schubert et al. (2012) (DCEP) N
canyon
Rectangular blocs Todhunter and Terjung (1988) (URBANS3) 3
S blocs Mills (1997); Kanda et al. (2005a,b) (SUMM) 3
auare blocs Kondo et al. (2005) N
Array of rectan- | Krayenhoff and Voogt (2007) (TUF-2D, TUF-3D); | N
gular buildings | Krayenhoff et al. (2014); Nice et al. (2018) (VTUF-
with axis-parallel | 3D)
surfaces
Exponential distri- | Hogan (2019b) (SPARTACUS-Urban) N
bution of wall-to-
wall distances

exponential, implying that radiative transfer in the urban canopy layer can be
solved similarly to atmospheric radiative transfer.

In summary, the assumption of broadband Lambertian urban materials, the
neglect of participating air, aerosols, or clouds in the urban canopy layer, the
simplification of the urban morphology by a street canyon or regular blocks
with flat roofs are ubiquitous in urban canopy models. Therefore, the uncer-
tainties of these simplifications are investigated in the present study.
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2.2 Previous Uncertainty Analyses
2.2.1 Reflections

Arnfield (1976), Kobayashi and Takamura (1994), Montédvez et al. (2000), Har-
man et al. (2004), and Yang and Li (2013) have studied the effect of (multiple)
reflections on the urban radiation budget. They found that the importance of
multiple reflections is higher when the albedo (emissivity) of different urban
facets is higher (lower), and when the urban morphology is denser and taller.
As most urban materials have a e close to 1, but typical values of « are between
0.1 and 0.5, a lower number of reflections is usually assumed for terrestrial ra-
diation than for solar radiation.

2.2.2 Specularly Reflecting Materials

Aida and Gotoh (1982) used a MCM radiation model to quantify the effect of
specular reflections on the effective albedo of a street canyon for the extreme
case where the entire street canyon consists of purely specularly reflecting ma-
terials. They found that the albedo is 15% higher for a solar zenith angle of
0°, because purely specular reflection from the ground leads to a strong re-
duction in multiple reflections compared to pure Lambertian reflection. The
albedo is 50% lower for a solar zenith angle of 80° because the specular re-
flection from the wall surfaces leads to more reflected radiation downwards
compared to pure Lambertian reflection. However, for real cities, less influence
from specularly reflecting materials can be expected because it is not realistic
for all surfaces to be pure specular reflectors. Verseghy and Munro (1989a)
found discrepancies of 5 to 10 W m™2 between their numerical model assum-
ing Lambertian reflections and observations on a building wall. This could be
explained by specular reflection of direct solar radiation from windows on the
opposite wall. Kotthaus and Grimmond (2014) performed flux observations in
the Central Business District (CBD) of London and found that at their site
and under clear-sky conditions, the surface albedo can be strongly influenced
by specular reflections.

2.2.8 Participating Atmosphere

Verseghy and Munro (1989b) investigated the influence of the participating
atmosphere using a numerical model of radiative transfer in a building court-
yard. They found that neglecting the absorption by the air that is colder than
the walls leads to an overestimation of the incoming longwave radiation at the
wall surfaces by 8 to 9 W m~2 for clear-sky conditions and by 4 to 7 W m~2 for
overcast conditions. Based on a numerical study, Hogan (2019b) showed that
atmospheric absorption significantly modifies the energy balance of the urban
canopy and that its effect increases with building height. Net absorption by air
in the urban canopy layer was found to be 75 W m~2 for 50 m high buildings
and the wall surface temperature was 10 K higher than the air temperature.
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2.2.4 Isotropic Downwelling Radiation

Urban radiation models typically assume that the downwelling solar diffuse
and terrestrial radiation are isotropic. Verseghy and Munro (1989a) found
that for clear-sky conditions, this assumption leads to an underestimation
(overestimation) of the incoming solar radiation at the sunlit (shaded) walls.
This is because, in the real-world, most of the diffuse solar radiation comes
from a direction that is close to the direction of the sun. When the urban
canopy model is coupled with an atmospheric model using delta-Eddington
scaling (Joseph et al. 1976) in the radiation scheme, this will not be the case as
circumsolar scattered radiation is treated as direct solar radiation to improve
the accuracy of the total solar radiation. For terrestrial radiation, Verseghy and
Munro (1989b) found that the assumption of isotropic downwelling radiation
leads to an underestimation of the radiation incident on a vertical wall, since
more terrestrial radiation comes from the parts of the sky close to the horizon
than from those at the zenith.

3 Reference Model of Urban Radiative Transfer
3.1 The HTRDR-Urban Monte-Carlo Model of Urban Radiative Transfer

The HTRDR-Urban reference model of urban radiative transfer has been in-
troduced by Caliot et al. (2022). It is based on the MCM and solves the RTE
for solar and terrestrial radiation taking into account the participating atmo-
sphere with non-gray absorption, emission, and anisotropic scattering. The
solar and terrestrial radiative flux densities are calculated with a backward
MCM using the null-collision technique (Galtier et al. 2013; El Hafi et al.
2021) and accelerating grids (Villefranque et al. 2019). The upper boundary
is the top of the atmosphere (TOA), where is the solar spectrum irradiance
obtained by averaging the data of year 2020 from the data set Coddington
et al. (2015). The lower boundary is the Earth’s surface consisting of vege-
tation and buildings. Material surfaces are assumed to be opaque and reflect
radiation in a Lambertian or specular manner, with a spectral dependence of
their reflectivity. The Spectral Library of impervious Urban Materials (SLUM)
available from the London Urban Micromet data Archive (LUMA) (Kotthaus
et al. 2013, 2014) with measured spectral Lambertian reflectivities is included
in HTRDR-Urban. The specular reflectivity of window glass is calculated with
the measured complex refractive index given by Rubin (1985). The constant
surface temperature of different facets can be specified. The participating at-
mosphere is characterised by the 3D fields of spectral and directional radiative
properties of gases, liquid droplets, and solid particles, which can be specified
by the user as data of absorption and scattering coefficient data and scattering
phase functions.
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3.2 Calculation of Mean Radiant Temperature

HTRDR-Urban can be used to calculate the MRT, which is one of the input
variables for thermal climate indices such as the Physiological Equivalent Tem-
perature (PET) (Hoppe 1999) or the Universal Thermal Climate Index (UTCI)
(Blazejczyk et al. 2012). For this purpose, a user-defined file in wavefront for-
mat with the desired human-like geometry can be provided to HTRDR-Urban.
An MRT map of user-defined spatial extent and resolution is obtained by plac-
ing the human-like geometry for each realization of the MCM algorithm at a
random location in each grid point of the MRT map and by rotating it by a
random azimuth angle between 0° and 360°. The solar (Qbody,sw) and terres-
trial (Qbody’lw) radiative flux density incident on the human-like geometry is
calculated using the algorithms described in Caliot et al. (2022). The MRT is
then calculated by

H . 0.25
1- o ody,sw o w
MRT = (( Qp dy)Qb dy, + Qb dy,l ) . (5)

€body T

Qbody and €poqy are the broadband solar albedo and thermal emissivity of the
human body. In the present study, the human body is a cylinder of 1 m height
and 0.14 m radius centred at 1.1 m above the ground. With this choice, similar
to Thorsson et al. (2007) and Dissegna et al. (2021), the radiative fluxes in the
horizontal direction have a weight of 0.88, while the upwelling and downwelling
fluxes have a weight of 0.06. The values of anedy and enody are set to 0.3 and
0.95 respectively. In the current implementation of the MRT calculation, the
human body does not affect the radiative transfer in the urban scene.

4 Procedurally-generated Urban Morphologies
4.1 Procedural City Generator

The urban morphologies studied are created using an in-house procedural city
generator. It assumes a flat terrain and generates a major road network start-
ing from a central square in radial mode (Kelly and McCabe 2006), based
on user-specified values for the number of sectors, the radius of the central
square, and the ring of major roads. The space in between the major roads is
filled with rectangular terrains of a user-specified length and width distribu-
tion. There are five geometric primitives of building types: 1) buildings aligned
with the major roads and 2-5) rectangular buildings with four different roof
types. Only the building type 1, which is aligned with the roads, can be placed
on the terrains adjacent to major roads. The user defines the probability that
a terrain will be covered by a given building type, and for each building type
the statistical distribution of its width, length, and number of storeys.
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4.2 Urban Morphologies

Urban morphologies are based on the Local Climate Zone (LCZ) classification
of Stewart and Oke (2012). The lightweight low-rise LCZ7 is excluded as it
differs from the dense low-rise LCZ3 by the use of light materials, which is not
relevant to the present study. Based on the results of Tornay et al. (2017), who
conducted a survey with urban planners about urban morphologies typically
found in French cities, we further differentiate compact mid-rise LCZ2 into
compact mid-rise blocks (LCZ2a, the buildings are aligned with the streets)
and compact mid-rise rows (LCZ2b, the buildings form rows). The same is
done for the open low-rise LCZ6. These additional morphologies better repre-
sent the urban forms found in European cities. An additional CBD morphology
with open high-rise buildings and a facade glazing ratio (f,) of 0.9 is created
for the study of speculary-reflecting windows. The horizontal extent of the ur-
ban morphologies is a square of 800 m side length, except for LCZ4 (1200 m)
and CBD (400 m).

The urban morphologies are characterised by the morphology parameters,
plane area building density (Ap; Eq. 6), external facade surface density (Ay;
Eq. 7), and mean building height (H,,can; Eq. 8). The footprint area of build-
ing n is A,, its external facade area is AF,, and its height is H,. The total
number of buildings in a district is Nyyi4 and the total horizontal area of the
district is Agistrict-

Z’r]:]i“i“d A,

Ap =
P
Adistrict

Nouitd
_ Zn:l AF”
Ay = Zn=t 2
Adist’rict
Nyuita
Zn:l Aan
ZNbuq‘,ld A
n

n=1

Hmean =

Simplified morphologies are generated for each district to allow for comparison
and assessment of uncertainties. These are: a representative street canyon, a
regular arrangement of square blocks, and a flat ground. The representative
infinitely-long street canyon has a building height equal to H,eqn and the
height-over-width ratio (aspect ratio) of the street is calculated as follows
H 0.5\,

Wo1-N

(9)

The regular square blocks of height H,,eqn have a side length (lg4.) on a
square plot of length (liota1):

AMpHprean

lside = pT (10)
lside

ltotal = (11)

N
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Fig. 1 Rendering of the LCZ9 morphology with 1045 trees of the same type and a height
of 10 m in the visible part of the solar spectrum. The number of pixels is 1500 x 800, the
vertical field of view is 70°, and the number of samples per pixel is 200

The representative flat ground is the same as the representative street canyon,
but with H,,eq, = 0 m. For all morphologies, potential overhanging roofs that
may occur in real cities are not considered. The morphologies LCZ2a, LCZ2b,
LCZ5, LCZ6a, LCZ6b, and LCZ9 have pitched roofs. Since pitched roofs are
not considered in the representative street canyon or regular square blocks, a
copy of these morphologies with flat roofs is created to quantify the effect of
pitched roofs. A realistic window geometry (window sill, glass pane surface) is
present, except for the urban morphologies LCZ8 (large low-rise) and LCZ10
(heavy industry), which have no windows. The 12 urban morphologies are pre-
sented in Tab. 3.

Trees represented by trunks, branches, and individual leaves, can be placed in
the procedurally-generated urban morphologies. In the present study, a sepa-
rate version of the LCZ2a, LCZ4, LCZ5, and LCZ9 morphologies is created,
in which trees of the same type with a height of 10 m, a diameter of 10.55 m,
and a leaf area index (LAI) of 2.24 are placed so that they do not intersect the
buildings. Because of the different values of A, in these morphologies, a differ-
ent number of trees can be placed in the morphologies (64 trees for LCZ2a, 963
for LCZ4, 869 for LCZ5, and 1045 for LCZ9). The plane area surface fraction
covered by trees is 0.01 for LCZ2a, 0.13 for LCZ4, 0.12 for LCZ5, and 0.14 for
LCZ9 (Fig. 1).

4.3 Distributions of Wall-to-wall and Wall-to-ground Distances
The distributions of wall-to-wall (py.,) and wall-to-ground distances (p.,q) are

crucial for urban radiative transfer since they determine how much radiation
travelling through the urban canopy layer is intercepted by the different facets
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Urban morphology

Realistic

Street canyon

LCZ1: Compact high-rise

Ap = 0.46; Ay = 6.6; Himean = 86.2 m;
Hpaz = 115.1 m; oy = 15.1 m;

T =61 =03

morphology
1), e 7 8245

Square blocks

LCZ2a: Blocks of compact mid-rise
Ap = 0.53; Ay = 1.21; Hppean = 16.1 m;
Hmaz = 25.5m; og = 3.9 m;

H =129 f, =03

LCZ2b: Rows of compact mid-rise
Ap = 0.35; Ay = 0.97; Hmean = 17.2 m;
I}_Ilmaz =25.5m; 05 =49 m;

W =0.75 fg = 0.3

LCZ3: Compact low-rise

Ap = 0.40; Ay = 0.58; Hppean = 5.8 m;
Hpaz = 11.0 m; og = 1.4 m;

L =048 fy =03

LCZ4: Open high-rise

Ap = 0.23; Ay = 1.83; Hyean = 47.1 m;
Hmaz = 62.7 m; oy = 8.0 m;

H =119 ;=03

LCZ5: Open mid-rise
Ap = 0.32; Ay = 1.18; Hyean = 15.6 m;
L =087 f4 =03

LCZ6a: Blocks of open low-rise
Ap = 0.38; Ay = 0.58; Hmean = 6.8 m;
&L =047 f3 =03

LCZ6b: Rows of open low-rise

Ap = 0.25; Ay = 0.29; Hrmean = 5.9 m;
Hpmazr =94 m;og = 1.2 m;

H

LCZ8: Large low-rise

Ap = 0.31; Xy = 0.27; Himean = 7.0 m;
Hpmar = 12.1 m; og = 1.8 m;

% =0.2; fg =0.0

LCZ9: Sparsely built

Ap = 0.11; Ay = 0.23; Hmean = 5.9 m;
Hmaz = 10.6 m; o = 1.4 m;

H

w =0.13; fg = 0.3

LCZ10: Heavy industry

Ap = 0.25; Ay = 0.6; Hmean = 13.0 m;
Hmaz = 21.0 m; o = 4.6 m;

£ =045 fg = 0.0

CBD: Central Business District
Ap = 0.24; Ay = 3.1; Hmean = 75.2 m;
Hpaz 120.1 = m; oy = 22.2 m;

E =20;f, =009

Table 3 Rendering of the procedurally-generated urban morphologies in the visible part
of the solar spectrum and its representative infinitely-long street canyon and regular array
of square blocks. o is the standard deviation of individual building heights, Hy,qz the
maximum building height. No simplified street canyon and block geometries are analysed

for the CBD
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(Hogan 2019a). Hogan (2019a) studied these distributions for four real urban
areas (central and residential London, downtown and residential Los Angeles)
and compared them with two theoretical distributions: 1) the one that would
be obtained for an infinitely-long street canyon, and 2) an exponential decay
of pyw and p,y with increasing distance. It was found that p, for the real
cities fits the exponential distribution well for distances between 0 and 200 m.
The assumption of a street canyon geometry leads to a particularly bad py.,
for small distances, since it cannot represent buildings closer to each other
than the width of the street canyon. For distances greater than 200 m and the
districts in Los Angeles, the p,,, distribution obtained for the street canyon
morphology is closer to the real distribution than the exponential distribution.
For the districts in London, the real distribution lies in between the exponen-
tial and street canyon distributions. For p,,, the exponential distribution fits
best for distances below 200 m, while neither the exponential nor the infinite
street canyon distribution fits well for larger distances. Stretton et al. (2022)
analysed pu. and p,g for central London and Indianapolis (US) and found
a relatively similar performance of the exponential model than Hogan (2019a).
HTRDR-Urban is used to determine p,,,, and p,4 for the procedurally-generated
urban morphologies. For p,., 10 rays are traced from a random point on a
wall in the horizontal direction, and if the ray hits another wall, the distance
that has been travelled is recorded. For pyg, 108 rays are traced in a randomly
chosen downward direction from a random point on a wall. Figure 2 shows
the results for LCZ2a, LCZ4, and LCZ9, the results for the remaining urban
morphologies are shown in the supplementary Figs. 14 to 16. In general, the
Pww and p,g distributions are close to the exponential distribution for small
distances (up to 100 m to 200 m) and deviate considerably at higher distances.
For LCZ2a and LCZ4 and distances greater than 200 m, the theoretical distri-
bution obtained for the infinite street canyon fits better than the exponential
distribution for py., a result that is similar to Hogan (2019a)’s finding for
downtown and residential Los Angeles. For p,4, the exponential distribution
is the best fit, even at higher distances. The distributions of p.., and pyg for
the procedurally-generated cities are similar to those for real cities.

5 Methodology
5.1 Setup of Sensitivity Studies

The solar radiation budget in the layer of air between the ground and the
height of the tallest building (Urban Canopy Layer, UCL) is investigated. The

only source of energy is the downwelling solar radiation (Qp) at the top of the
UCL. The Qp can be absorbed by the roofs (Qg), the facades (Qp; the sum of
the absorption by walls and windows), the ground (Qg), potential trees (QT)7
and the air in the UCL (QMT) The radiation that is not absorbed leaves the

UCL towards the sky (Qu). These radiative observables are studied because
the main objective of the radiation calculation in urban canopy models is to
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Fig. 2 Distribution of wall-to-wall (pww) and wall-to-ground (p.,4) distances for the urban
morphologies LCZ2a, LCZ4, and LCZ9 and their representative infinitely-long street canyon
and regular array of square blocks
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calculate the effective albedo, emissivity, and radiative surface temperature of
the urban area as these variables are coupled with the radiation scheme of
the atmospheric model. A secondary objective may be to provide more detail
on the radiation absorbed by different urban facets (e.g. the average solar
radiation incident on all building facades) as the urban canopy models could
solve the energy budget of different urban facets separately.

In Sect. 6, the different terms of the solar radiation budget are displayed
normalised by the downwelling solar radiation at the top of the urban canopy
layer (QD). The normalised values are denoted by ¢y, 4r, 4r, (g, and ¢,
for the upwelling solar radiation, and the radiation absorbed by the roofs,
the facades, the ground, and the trees respectively. The terrestrial radiation
budget consists of the longwave radiation exchanged by the sky (Esky), the
roofs (ER), the facades (Er), the ground (E¢), the trees (Er), and the air
(Eair)-

Different boundary conditions for downwelling radiation are investigated:

— For direct-only downwelling solar radiation, only radiation from the so-
lar disc reaches the top of the urban canopy layer; there is no radiation
scattered by the atmosphere. To achieve this with HTRDR-Urban, the ra-
diative properties of the atmosphere are set to vacuum ones. Simulations
are performed for solar elevation angles (y) of 1°, 5°, 10°, 20°, 30°, 45°,
60°, 75°, and 90°. The solar azimuth angle is sampled evenly between 0°
and 360°. A larger number of MCM realisations is required for lower values
of v to achieve a given accuracy of the radiative observables. Therefore, the
number of MCM realisations is calculated as follows

N, = int ( Nien ) . (12)

sin(7)

N.ern is the number of realisations when the sun is at the zenith (y = 90°).
Rounding to the nearest integer is denoted by int.

— For the diffusive-only downwelling solar radiation, the solar radiation reach-
ing the top of the urban canopy layer is perfectly diffusive (e.g. similar to
an overcast sky with an optically thick cloud). To technically achieve this
with HTRDR-Urban, the atmospheric radiative properties are also set to
vacuum ones, and a sky model with isotropic downwelling solar radiation
with Q p normalised to 1 W m~2 is employed. The number of MCM reali-
sations is IV,e,. There is no dependence of the results on +.

— For the clear-sky conditions, the default atmospheric conditions consist of
the one-dimensional atmospheric profile from Hogan and Bozzo (2018).

5.2 Simplification of Urban Morphology

To quantify the uncertainty due to the simplification of the urban morphology,
HTRDR-Urban simulations are performed for real morphologies and their cor-
responding simplifed morphologies such as infinitely-long street canyon, reg-
ular square blocks, and flat ground. All urban morphologies, including those
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with flat roofs are studied. All surfaces are made of a Lambertian grey material
with a solar albedo of 0.3. Both direct and diffuse solar radiation boundary
conditions are considered. The value of N,.,, is 106.

5.3 Influence of Spectrally-reflecting Materials

The influence of spectrally-reflecting materials on the urban solar radiation
budget is studied for all urban morphologies. Measured spectral reflectivities
are available from the spectral library of impervious urban materials (SLUM),
which is part of the London urban micrometeorological archive (LUMA) (Kot-
thaus et al. 2013). An extreme case is considered. The roofs are made of rusting
cement red roofing tiles (R008), the facades of the weathered metal with cop-
per patina (Z004), and the ground of white weathered concrete (C006). In the
solar spectrum band, the albedo of the material C006 is low (0.2 at 350 nm),
but increases towards 0.5 at 600 nm. It remains relatively constant for larger
wavelengths. The metal Z004 has an albedo that varies along the solar spec-
trum. It is very low (0.1) at 350 nm, has a maximum of 0.55 at 500 nm, a
minimum of 0.27 at 650 nm, very high values (0.65 — 0.7) between 750 and
1100 nm, and another minimum (0.25) at 1500 nm. The Z004 material is one
of the materials with the largest variation in albedo with wavelength along
the solar spectrum that is included in the SLUM dataset. HTRDR-Urban
simulations are performed for direct-only and diffusive-only downwelling solar
radiation. HTRDR-Urban is used to calculate the incident radiative flux den-
sity (jfacet) on a specific type of facet (e.g., the roofs) and absorbed (Qfacet)
by that type of facet. From the results, the effective broadband albedo ()
of this facet is calculated for each urban morphology, v, and the radiative
boundary condition following:

' ace L Z7
Qs (LCZ,y) =1— Qsacet(LCZ,7) (13)
Ifacet(chv ’7)

aeypy is the broadband albedo that a material must have in order for the
broadband reflected radiative flux density to be the same as if the spectral
albedo of the material were used. It depends on the urban morphology or
the solar elevation angle, as these can change the spectral composition of
the radiation reaching a given surface. The HTRDR-Urban simulations are
repeated using the values of a. sy as the broadband albedo. For all simulations,
the value of N, is 106.

5.4 Influence of Specular Reflections from Windows

The influence of specular reflections from windows is studied for the urban
morphologies LCZ1, LCZ2a, LCZ9, and CBD. The boundary condition cor-
responds to a clear-sky situation. The spectral reflectivities of the non-glass
materials are taken from the SLUM database. All roofs are made of rusting
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cement red roofing tiles (R008), all walls are made of white weathered con-
crete (C006), and all ground surfaces are made of black tarmac asphalt (A009).
Three simulations are made for each morphology and ~:

— No windows. The material of the window glass pane is the same as for
the wall (C006),

— Specular windows. The material of the window glass pane is soda lime
silica glass. The spectral complex refractive index is taken from Rubin
(1985) and is used by HTRDR-Urban to calculate the directional and spec-
tral specular reflectivity,

— Lambertian windows. The window glass pane is made of a hypotheti-
cal Lambertian material with an effective broadband reflectivity, which is
calculated for each urban morphology and v as a function of the incident
(jwmspec) and absorbed (me,spec) solar radiation from the Specular
windows case:

. win,spec LCZ7
awin,Lam(chv ’7) =1- Q — ( rY) ' (14)

Iwin,spec(chv '7)
For the specular windows simulations, a large value of N, = 5 x 10% is used
because Caliot et al. (2022) found convergence problems in the MCM algorithm
due to the rare events of specular reflections of solar spectral irradiance.

5.5 Influence of the Participating Atmosphere in the Urban Canopy Layer

The influence of the participating atmosphere on the urban terrestrial radi-
ation budget is studied for all urban morphologies. All surfaces are made of
a grey Lambertian material with a broadband emissivity of 0.9. Four one-
dimensional clear-sky atmospheric profiles are considered: Tropical (TRO),
Mid-Latitude Summer (MLS), Mid-Latitude Winter (MLW), and Sub-Arctic
Winter (SAW). The radiation scheme of the European Centre for Medium-
range Weather Forecasts (ECMWF) (ECRAD, Hogan and Bozzo (2016)) is
used to calculate the atmospheric radiative properties for these profiles. The
near surface air temperature is 300 K, 294.2 K, 272.06 K, and 257.2 K for
TRO, MLS, MLW, and SAW, respectively. The skin surface temperature of
all urban facets is the same and is varied as a function of the near-surface air
temperature to obtain a desired difference between the skin surface tempera-
ture and the near-surface air temperature (AT, ). Simulations are performed
for ATy = -10 K, 0 K, 10 K, 20 K, and 30 K. The MCM simulations are
performed once with the real atmospheric properties and once with the atmo-
spheric properties in the urban canopy layer set to vacuum ones. The value of
N,.n is set to 5 x 10°.

5.6 Influence of Urban Trees

MCM simulations of the solar and terrestrial radiation budgets are made for
the urban morphologies LCZ2a, LLCZ4, LCZ5, and LCZ9 with and without
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trees. For the solar (terrestrial) radiation, all urban surfaces including the trees
are made of Lambertian grey materials with a broadband albedo (emissivity) of
0.4 (0.9). For the solar radiation, the direct-only and diffusive-only downwelling
solar radiation boundary conditions are analysed. For the terrestrial radiation,
the one-dimensional atmospheric profile corresponds to the clear-sky MLS.
The value of ATy, ¢ is varied between -10 K, 0 K, 10 K, 20 K, and 30 K and
is applied to all materials, except for the leaves. For these, the skin surface
temperature is assumed to be equal to the air temperature. N, is 10°.

5.7 Influence of Urban Fog

The solar and terrestrial radiation budgets are simulated for the urban mor-
phologies L.LCZ2a, LCZ4, L.LCZ5, and LCZ9 for different densities of urban fog.
For the solar (terrestrial) radiation, all surfaces are made of Lambertian grey
materials with a broadband albedo of 0.3 (0.9). The atmospheric profile at
altitudes above 130 m a.g.l. corresponds to the clear-sky MLS. Below 130 m
a.g.l., there is a layer of fog with a homogeneous liquid water mixing ratio.
Simulations with different values of the mixing ratio (0.05, 0.1, 0.2, 0.5, and
1 g kg™!) are performed. A case without fog is also simulated. The value of
N..n is set to 109.

6 Results
6.1 Simplification of Urban Morphology

Figure 3 shows the results for the direct-only urban radiation budget in LCZ1.
Results for the other morphologies are shown in the supplementary Figs. 17-32.
The results for the sparsely-built low-rise LCZ9 geometry, the dense mid-rise
LCZ2a, and the dense high-rise LCZ1 are discussed in detail, while the results
for the other morphologies are summarised.

For the LCZ9 morphology with flat roofs (Fig. 17), there is no difference of gg
between the real morphology and the simplified ones for v above 20°. For lower
v, the absorption by the flat roofs is lower for the real morphology than for the
simplified morphologies, which is due to shading. The normalised upwelling so-
lar radiative flux ¢y is exactly 0.3 for the corresponding flat ground geometry
because there is no shading. For the other morphologies, due to multiple reflec-
tions, ¢y is less than 0.3 and tends to decrease with . The differences between
the results obtained with the real urban morphology and the representative
street canyon or regular blocks are small. ¢g is low for high v and increases
with lower v as more radiation illuminates the facades. For ~ values below 20°,
Gr is slightly lower for the real morphology than for the simplified morpholo-
gies. This is due to the distance between buildings and the layout design of
the real morphologies. In fact, as shown in Fig. 2, for realistic morphologies,
buildings can be closer to each other than for the street canyon and regular
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block geometries, for which there is a minimum distance between buildings.
In addition, the realistic layout includes large roads and central squares that
allow the sun’s rays to reach the ground. This is expected to result in more
shading from one building onto the facade of another in realistic morphol-
ogy results, whereas for the simplified morphologies, the minimum distance
between the buildings (e.g., street canyon width) limits shading and leads to
higher ¢r compared to the real morphology. This mechanism affects also ¢,
which has a higher value for the realistic morphologies due to the aggregation
of buildings, which allows the ground to absorb more direct solar radiation in
unshaded streets and central squares.

For LCZ9 with pitched roofs (Fig. 18), ¢g is higher for the real morphology
than for the simplified morphologies (with flat roofs) for v below 30°. ¢p is
also lower because the pitched roofs of the real morphology intercept more
solar radiation than the flat roofs of the simplified morphologies. For v below
30°, the urban solar radiation budget is strongly different between the LCZ9
with flat and pitched roofs.

For LCZ2a with pitched roofs (Fig. 19), ¢r is lower for the simplified mor-
phologies than for the real morphology; the underestimation increases with
lower v and reaches 25% for v = 1°. Thus, ¢ is overestimated by the simpli-
fied morphologies. ¢y is slightly higher for the simplified morphologies than
for the real morphologies for v below 45° and is only slightly different above.
For LCZ2a with flat roofs (Fig. 20), ¢gr is considerably lower and ¢r higher
for lower solar elevation angle compared to LCZ2a with pitched roofs, while
gu and ¢ do not differ much between the flat and pitched roof morphologies.
For LCZ1 (Fig. 3), the simplified urban morphologies with uniform building
height overestimate ¢r for «v below 75° because in the real morphology the
heterogeneity of building heights leads to shading of the roofs. The overesti-
mation is 30% for v = 45° and increases to 400% for v = 1°. Thus, street
canyon and block morphologies overestimate ¢y by 10% for v = 45° and up to
25% for v = 1° because too much radiation is reflected off the roof to the sky.
In addition, ¢ is underestimated by the street canyon and block morpholo-
gies for v below 50°, which is due to the overestimation of ¢r and ¢y. For ~
above 50°, ¢p is overestimated by the street canyon and block morphologies
due to the greater distance between building facades compared to the realistic
morphology, which underestimates shading between buildings. ¢ is underes-
timated by the simplified morphologies for all solar elevation angles.

The overall results for the other urban morphologies show that ¢ is overesti-
mated by the infinitely-long street canyon and regular block morphologies for
a range of y that depends on the morphologies’ A, and H,cqr . For the mid-rise
morphologies LCZ2b (Figs. 21-22), LCZ5 (Figs. 23-24), and LCZ10 (Fig. 25),
the overestimation of ¢ is found for v between 20° and 50°. For the low-rise
morphologies LCZ3 (Fig. 26), LCZ6a (Figs. 27-28), LCZ6b (Figs. 29-30), and
LCZ8 (Fig. 31), ¢r is overestimated for v between 5° and 30°, and for the
high-rise LCZ4 (Fig. 32) it is overestimated for v between 20° and 70°. This
is due to the fact that the higher and denser the urban morphology, the more
shadow is cast by a given building on the facades of other buildings, even for
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high values of . This shading is systematically underestimated by the sim-
plified morphologies resulting in too high values of ¢r. The uncertainties in
jc are complementary to those of ¢p, i.e. they are underestimated in similar
ranges of v than ¢p is overestimated. For low values of v, the results for the
flat roof and the corresponding pitched roof morphology are very different.
For the flat roof, ¢r decreases for lower v while it increases for the pitched
roof morphology. As a complement, ¢r increases for lower « for the flat roof
morphology and decreases for the pitched roof morphology. The street canyon
and regular block morphologies have in common that ¢r does not depend on
v, so they can neither represent the shading of higher buildings on the roofs
of lower buildings, nor the potential effect of the pitched roofs. The effective
urban albedo (¢y) is the parameter that is the least affected by the simplifi-
cation of urban morphology.

Figure 4 shows the radiation budget of LCZ2a and LCZ9 districts with flat and
pitched roofs for diffusive-only downwelling solar radiation. The results for the
other morphologies are shown in supplementary Figs. 33-35. The results are
mainly similar to those for the direct-only solar radiation averaged for all val-
ues of . For example, for LCZ1 and direct-only downwelling solar radiation,
gc is underestimated for all values of v when using the infinitely-long street
canyon and regular block morphologies. As a consequence, ¢ is also underes-
timated for the diffusive-only downwelling solar radiation. For other radiative
observables and morphologies, errors of different sign for different values of ~
are partly compensated for. Therefore, the results for the diffusive-only solar
radiation are less affected by the simplification of the urban morphology than
those for the direct-only solar radiation.

6.2 Influence of Spectrally-reflecting Materials

The differences in the simulated solar radiation budget between the morpholo-
gies with spectrally-reflecting and broadband materials tend to be small. For
direct-only downwelling solar radiation and low-rise morphologies, the relative
differences are less than 0.8%. For the mid-rise morphologies they are below
1%, except for LCZ2a where they reach 2% for ¢y and ¢g. Figure 5 shows
the results for LCZ1 where the largest differences are found. For LCZ1 with
spectrally-reflecting materials, gy is up to 2% lower than for LCZ1 with broad-
band materials, while ¢r is up to 2% higher. For diffusive-only downwelling
solar radiation, the differences in results between the spectral and broadband
materials are very small. The largest relative uncertainty of 1.3% is found for
LCZ1 (not shown).
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Fig. 3 Effect of urban morphology simplifications on the urban, roof, facade, and ground so-
lar radiation budgets for direct-only downwelling solar radiation and the LCZ1 morphology.
The values of oae indicate the maximum value of the standard deviation of the radiative
observable obtained from the MCM simulations for all values of ~

6.3 Influence of Specular Reflections by Windows

The Tab. 4 shows the values of the effective broadband window glass pane
albedo (Quyin,Lam) calculated according to Eq. 14 for each urban morphology
and ~y. The values are low (between 0.06 and 0.1) for v between 1° and 45°.
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Fig. 4 Effect of urban morphology simplifications on the urban, roof, facade, and ground
solar radiation budgets of selected morphologies and for diffusive-only downwelling solar

radiation

This is due to the high angle of incidence of direct solar radiation on the
windows. For v equal to 60° and 75°, cuyin,Lam is higher (up to 0.28 for v =
75° and the CBD morphology), which is due to the lower angle of incidence
of direct solar radiation on the windows. For v = 90°, no direct solar radia-
tion reaches the windows. Therefore, the values of ayin, Lam are lower (0.09 to
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Fig. 5 Impact of spectrally-reflecting urban materials on the urban, roof, facade, and
ground solar radiation budgets for direct-only downwelling solar radiation and the real-
istic LCZ1 morphology

0.11).

Figure 6 shows the urban solar radiation budget of the CBD for clear-sky
conditions, and the results for the other morphologies are shown in supple-
mentary Figs. 36-38. For all morphologies, consideration of windows leads to
a decrease in ¢y and an increase in ¢g. This is due to the low albedo of the
window compared to the C006 wall material. The values of g and g are less
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Table 4 Effective broadband Lambertian albedo of windows

v [°] 1 5 10 20 30 45 60 75 90

LCZ1 008 008 007 006 008 009 012 019 0.09
LCZ2a 0.08 007 008 008 008 009 013 021 0.09
LCZ9 006 007 007 007 007 009 012 018 008
CBD  0.10 008 008 008 009 011 016 028 0.11

affected by the presence of windows, except for the CBD with its very high
glazing ratio (f; = 0.9). Specularly-reflecting windows lead to a lower ¢y than
Lambertian windows, except for v = 90°, where almost no direct solar radia-
tion reaches the windows. The reason for this is that the specularly-reflected
solar radiation propagates downwards whereas the diffusively-reflected solar
radiation is travels upwards or downwards with the same probability. ¢z and
gc are slightly higher for the specularly-reflecting windows. For the morpholo-
gies with normal glazing ratio (f, = 0.3), the relative differences between the
results for specular and Lambertian windows are small (1.5% for LCZ9, 1.3%
for LCZ2a, and 3% for LCZ1). Only for CBD with f, = 0.9, the differences
are larger (e.g., ¢u is 10% to 50% lower for specularly-reflecting windows).

6.4 Influence of Participating Atmosphere in the Urban Canopy Layer

Figure 7 shows the urban terrestrial radiation budget with participating atmo-
sphere in the urban canopy layer (Atm case) and without (Vac case) for the
warmest (TRO) and the coldest (SAW) atmospheric profiles and ATy, f =
—10 K or +20 K. The other results are shown in the supplementary Figs. 39-
41. The differences in the terrestrial urban radiation budget between the Vac
and Atm cases tend to be larger for those urban morphologies with large build-
ing height (LCZ1 and LCZ4) and are also strongly dependent on the ATy, f.
When urban surfaces are 10 K colder than the air temperature, Esky is less
negative for Atm than for Vac, because the warmer air emits more radiation
towards the sky than the colder urban surfaces. Esky is also more negative
for SAW than for TRO because there is less participation of the colder SAW
air than of the warmer TRO air. For ATy, = 0 K, the differences between
Atm and Vac are small, which is not surprising. When the urban skin surface
temperature is higher than the air temperature, E‘Sky is less negative for Atm
than for Vac because some of the radiation emitted by the warm urban sur-
faces is absorbed by the cold air in the UCL and therefore does not reach the
atmosphere above the urban canopy layer. The values of Esky are more nega-
tive for the SAW profile than for the TRO profile, because the cold SAW air
participates less in radiative exchange than the warm TRO air. Ep is higher
for Atm than for Vac because the cold air between the facades absorbs part
of the radiation emitted by the facades leading to a lower value of incident
terrestrial radiation at the facades. The differences in E r and E’G between the
Vac and Atm cases remain small, even for the highest ATy, ¢ of 30 K.
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Fig. 6 Effect of (specularly-reflecting) windows on the urban, roof, facade, and ground solar
radiation budget for clear-sky conditions and the realistic CBD morphology

6.5 Influence of Urban Trees

Figure 8 shows the urban solar radiation budget of LCZ9 for the direct-only
downwelling solar radiation with and without trees. Results for LCZ2a, LCZ4,
and LCZ5 are shown in the supplementary Figs. 42-44. For the sparsely-built
LCZ9 with Heqn = 5.9 m, the trees are almost twice as high as the buildings
and therefore strongly modify the solar radiation budget. For v below 10°, the
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Fig. 7 Terrestrial radiation exchanged by the sky, the roofs, the facades, the ground, and
the air in the urban canopy layer for clear-sky tropical and sub-arctic winter atmosphere
with (Atm) and without (Vac) participating atmosphere in the urban canopy layer. The
names of the realistic LCZ morphologies are abbreviated: L1 is LCZ1, etc.

trees cast shade on the roofs, leading to a large reduction in ¢gr. For v above
45°, the trees absorb (gr) about 10% of the downwelling solar radiation, and
this fraction increases to more than 50% for a 7 of 1°. The radiation absorbed
by the trees does not reach the facades (mainly for low ) or the ground (mainly
for high «). The presence of trees lowers ¢y due to the multiple reflections by
the leaves. For LCZ5, the buildings are taller than the trees, so the trees do not
change the ¢r. The fraction of solar radiation absorbed by the trees decreases
for «v below 10° because the buildings shade the trees. The trees slightly reduce
gr and (g for all values of . For the denser LCZ2a and the open high-rise
LCZ4, the main results are similar to those for LCZ5.
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For diffusive-only downwelling solar radiation (Fig. 9), the presence of trees
has no effect on g for LCZ9, contrary to the result for direct-only downwelling
solar radiation. The other results are similar to those for direct-only radiation.
The trees reduce ¢p, g, and gy except for LCZ2a, for which they do not have
sufficient influence.

The influence of trees on the urban terrestrial radiation budget is shown in
Fig. 10. The trees do not change the radiative observables much, the only
exception being E‘Sky, which is lower when trees are present, as the urban
morphology with trees has a higher total surface area resulting in a higher
effective emissivity.

Figure 11 shows a 1 m x 1 m resolution map of MRT for the LCZ9 district with
and without trees. The top row shows the MRT calculated with the solar and
terrestrial radiation contributions (y = 30°, the solar azimuth angle is 292.5°
from north, clockwise) and the skin surface temperature of all urban facets
including the trees is 304.2 K. The bottom row shows the MRT calculated
with only the terrestrial radiation contribution (nighttime conditions). During
the day, the MRT is between 49 and 57°C in the sunlit areas far from buildings,
between 17 and 25°C in the areas shaded by buildings, and up to 62°C near
the sunlit building walls, which is due to the solar radiation reflected by the
building walls. The trees lead to a strong MRT reduction of 10 K in the
partially-shaded areas and 30 K in the fully-shaded areas. Considering that the
sensitivity of human thermal comfort indices to MRT is about 0.25 (Schoetter
et al. 2013), they would be about 7 to 8 K lower in the fully shaded areas.
For the night conditions, MRT is mainly between 13 and 15°C with only
little spatial variation. Trees lead to slightly higher MRT (between 2 and 4 K
higher), because they emit more terrestrial radiation than the downwelling
terrestrial radiation from the sky that is occulted by the trees.

6.6 Influence of Urban Fog

The urban solar radiation budget for different liquid water mixing ratios of
urban fog is shown in Fig. 12 for LCZ4 and in the supplementary Figs. 45-47
for LCZ2a, LCZ5, and LCZ9. The denser the urban fog, the more ¢y increases
and the less it depends on «y. This is because in very dense urban fog, most of
the downwelling solar radiation is reflected by the fog layer before it reaches
the urban facets. For LCZ9, LCZ5, and LCZ2a, g is reduced in the presence
of urban fog, because the fog reflects and absorbs a part of the downwelling
solar radiation before it can reach the roofs of buildings. For LCZ4 and low
values of v, ¢g is increased in the presence of urban fog. This is because, under
clear-sky conditions, some roofs of the LCZ4 morphology are shaded, whereas
in the presence of fog, there is more diffuse solar radiation and more of the
downwelling radiation at the roof level is actually aborbed by the roofs. For
clear-sky conditions, ¢ is strongly dependent on «. This is no longer the case
in the presence of urban fog. Compared to clear-sky conditions, urban fog
leads to a lower ¢ for low v and a higher ¢r for higher « because less direct
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Fig. 8 Effect of trees on the urban, roof, facade, ground, and tree solar radiation budgets
for direct-only downwelling solar radiation and the realistic LCZ9 morphology
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Fig. 9 Effect of trees on the urban, roof, facade, ground, and tree solar radiation budgets for
diffusive-only downwelling solar radiation for the realistic LCZ2a, LCZ4, LCZ5, and LCZ9
morphologies

downwelling solar radiation reaches the urban facets. In the presence of urban
fog, ¢ increases with the solar elevation angle (7).

Figure 13 displays the effect of fog on the terrestrial urban radiation budget
for LCZ4 and supplementary Figs. 48-50 for LCZ2a, LCZ5, and LLCZ9. For the
clear-sky conditions, the urban area emits radiation towards the sky (ESky is
negative) and more radiation is emitted with increasing ATy, r. In the pres-
ence of urban fog, the urban terrestrial radiation budget is markedly changed.
The denser the urban fog, the less radiation is exchanged with the sky. For an
urban fog with a density of 0.5 g kg~! or higher, only very little radiation is
exchanged between the urban surfaces and the sky. The emission from roofs,
facades, and ground still increases with increasing ATy, s, but the value of
the emission is lower because there is almost no emission to the sky. Instead,
the urban facets exchange radiation with the urban fog.
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Fig. 10 Effect of trees on the longwave radiation exchanged by the sky, the roofs, the
facades, the ground, and the trees for the realistic LCZ2a, LCZ4, LCZ5, and LCZ9 mor-
phologies. In the legend, Tr denotes the urban district with trees (cross), Nt the urban

district without trees (circle)

u3 7T Discussion

s The main findings obtained of the MCM-based sensitivity studies are as fol-

s lows:

ns  — The simplified urban morphologies infinitely-long street canyon and regular
747 square blocks, which are very often used in urban canopy models, lead to a
748 systematic overestimation (underestimation) of the fraction of direct solar

749 radiation absorbed by the building facades (the ground). This is because
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these morphologies cannot represent buildings that are closer to each other
than the width of the street canyon or the distance between the square
blocks. For mid- and high-rise urban morphologies, the uncertainty in the
radiation absorbed by the facades can be more than 10% of the downwelling
direct solar radiation. As a consequence, the partitioning of the surface-
atmosphere exchanges between the building envelope and the ground is
incorrect, which can affect the results of urban canopy models.

There is only little difference between the results obtained for the infinitely-
long street canyon and the regular array of square block morphologies. An
interesting point is that the square blocks do not perform better than
the infinitely-long street canyon for urban morphologies such as LCZ4 or
LCZ9, which are more like blocks than like canyons. This is because for
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Fig. 12 Effect of fog on the urban, roof, facade, and ground direct solar radiation budget
for the realistic LCZ4 morphology

both square blocks and street canyon, there is a minimum distance between
the geometric elements, which does not exist in a realistic morphology.

— Simplified morphologies that neglect the variety of building heights lead to
large uncertainties for the high-rise LCZ1 and LCZ4. Therefore, the use of
more sophisticated approaches is advised for the simulation of cities where
such morphologies are common (e.g., Asian megacities).

— The simplification of the urban morphology leads to greater uncertainties
when considering direct solar radiation compared to diffuse solar radiation.
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Fig. 13 Effect of fog on the terrestrial radiation exchanged by the sky, the roofs, the facades,
and the ground for the realistic LCZ4 morphology

— At low angles of solar elevation, pitched roofs greatly alter the urban direct

solar radiation budget. With pitched roofs, more solar radiation is absorbed

by the roofs and less by the facades. As urban canopy models neglect

pitched roofs, this is a major source of uncertainty, especially in subartic
regions where the solar elevation angle is typically low. This result has to be
modulated because the absolute values of downwelling solar radiation are
small at low solar elevation angles and therefore, large relative uncertainties
in the radiative observables may not lead to a large absolute uncertainty

in the simulated urban radiation budget.
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The effective city albedo is the parameter that is the least affected by
the simplification of the urban morpholoy. Therefore, less sophisticated
approaches to represent the city could be used if the focus is only on the
effective city albedo for the coupling with the atmospheric model.

The uncertainty in the urban solar radiation budget introduced by the
use of broadband compared to spectral reflectivity of urban materials is
small. Larger uncertainties may be found for radiative observables that are
defined for a narrow band of the solar spectrum such as photosynthetically
active radiation or ultraviolet radiation.

Specular reflections from windows alter the urban solar radiation budget
in a relevant manner only in the CBD district with a very high glazing
ratio. The main reason for this is that the fraction of radiation that is
reflected by windows is quite low (between 0.06 and 0.28 depending on
solar elevation angle). Therefore, for the urban radiation budget, it does
not make much difference whether the reflection is Lambertian or specular.
The previous study by Aida and Gotoh (1982) found a large influence
of specular reflections on urban albedo. This is because in their study,
all urban surfaces were considered as specular reflectors, whereas in the
present study, only the windows are specular reflectors. Effects of specular
reflections may be greater for urban districts with specularly reflecting wall
materials or window coatings with a higher albedo.

The interaction between terrestrial radiation and clear air in the urban
canopy layer strongly modifies the urban radiation budget. The higher the
buildings, the more relevant the participating atmosphere becomes. For
the high-rise LCZ1 and skin surface temperature 20 K higher than the air
temperature, the radiation exchanged by the facades is almost a factor of
two higher with the participating atmosphere than without. This could
strongly change the energy balance of the building or the sensible heat flux
from the facades to the atmosphere. Such findings are in line with those
of Hogan (2019b). It is therefore problematic that urban canopy models
usually do not take into account the participating atmosphere. In warmer
and more humid climates where many high-rise megacities are located,
the participating atmosphere has a greater effect than in colder or drier
climates.

Urban trees have a very large influence on the solar radiation budget if they
are higher than the buildings. Therefore, urban canopy models including
urban trees should be designed to be able to account for trees that are
taller than the buildings.

The presence of fog strongly alters both the solar and terrestrial radiation
budgets of urban areas. Therefore it may be interesting to extend urban
canopy models so that they can represent urban fog and aerosols.

Several systematic drawbacks and limitations of the present study need to be
mentioned.

— Only idealised procedurally-generated urban morphologies have been in-

vestigated. Although key morphology parameters such as A, and Hpean
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have been chosen to match the typical values for the LCZ given in Stewart
and Oke (2012), there may be systematic differences between the idealised
morphologies and real cities. This could be the py., and p,4, the omission
of overhanging roofs, balconies, etc..

— The urban morphologies studied are designed to represent one building
type per district; the type of LCZ is clearly defined. In real cities, there are
districts with a mix of building types, which has not been investigated in
this study.

— The effect of heterogeneous urban materials and skin surface temperature
has not been investigated. For example, half of the roofs could be bright
brick tiles and the other half dark slate, whereas an urban canopy model
would only solve the urban energy balance using the most common mate-
rial, or average the parameters.

— The present study did not investigate the climatology of uncertainties of
urban canopy models. For exemple, the uncertainty due to the neglect
of pitched roofs, which was found for low solar elevation angles is more
relevant for cities at high latitude than for tropical cities.

— In the present study, the radiative observables have been averaged for all
solar azimuth angles. In a real-world application, there is a specific position
of the sun, but the urban canopy model may still be averaging all solar
azimuths. This adds another uncertainty, which has not been quantified
here.

8 Conclusion and Outlook

The present study has investigated the uncertainties of radiative transfer cal-
culation in urban canopy models. Urban districts similar to the LCZ have been
created using a procedural city generator. A reference MCM model of urban
radiative transfer is used to quantify the uncertainties arising from simplifi-
cations of urban morphology and radiative transfer physics that are typically
made in urban canopy models. These assume that the complex urban morphol-
ogy can be represented by an infinitely-long street canyon or regular square
blocks, that urban materials are broadband Lambertian reflectors, and that at-
mospheric participation in radiative exchange in the urban canopy layer can be
neglected. The results of the present study allow one to identify some priorities
for the future development of urban canopy models. For all urban morpholo-
gies, the street canyon and block geometries lead to a wrong partitioning of
solar radiative energy between the facades and the ground, as they lead to
a systematic underestimation of inter-building shading. Therefore, the urban
geometry proposed by Hogan (2019a), which assumes an exponential distribu-
tion of pyw and pyg is promising. Pitched roofs should also be considered in
future urban canopy models. The inclusion of a variety of building heights at
grid-point scale is necessary for high-rise or very heterogeneous urban districts.
Future urban canopy models should take into account the participating atmo-
sphere in the urban canopy layer for the calculation of the urban terrestrial
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radiation budget. Representation of spectral reflectivities of urban materials
and specular reflections is of lower priority since they only modify the urban
radiation budget for urban morphologies and building materials, which do not
occur frequently.

In future studies, HTRDR-Urban could be used to investigate meteorologi-
cal situations with urban air pollution, urban districts with different types of
trees, windows with different coatings, districts with heterogeneous materials
and building types, or uneven ground. The results of the present study to-
gether with those of Hogan (2019a) are the motivation to couple the urban
canopy model Town Energy Balance (TEB, Masson (2000)) with the new ur-
ban radiation scheme SPARTACUS-Urban (Hogan 2019b), which allows to
overcome most of the shortcomings of radiation transfer calculations in urban
canopy models identified in the present study.
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Table 5 List of symbols

Symbol Definition [unit]
«a Solar reflectivity (albedo) [1]
Opody Average albedo of the human body [1]
Qeff Effective broadband albedo [1]
Ouyin,Lam  Bffective broadband Lambertian window albedo [1]
Agistrict Total horizontal area of district [m?]
n Footprint area of building n [m?]
AF, External facade area of building n [m?]
ATgyry Difference between skin surface temperature and air temperature [K]
€ Emissivity of terrestrial radiation [1]
€body Average emissivity of the human body [1]
Eair Terrestrial radiation exchanged by the air in the urban canopy layer [W m*Z}
Ep Terrestrial radiation exchanged by the facades [W m™2]
EG Terrestrial radiation exchanged by the ground [W m*2]
Ep Terrestrial radiation exchanged by the roofs [W m™2]
Esky Terrestrial radiation exchanged by the sky [W m~2]
Ep Terrestrial radiation exchanged by the trees [W m™2]
fq Facade glazing ratio [1]
¥ Solar elevation angle [°]
Hpax Maximum building height [m)]
Hmean Mean building height [m]
Hy Height of building n [m]
% Aspect ratio of representative street canyon [1]
Ifqcet Solar flux density incident on a facet [W m™2]
jwin,spec Solar flux density incident on a specularly reflecting window [W m~2]
Extinction coefficient [m~1]
Ap Plane area building density [1]
Aw External facade surface density [1]
lside Side length of one regular square block [m)]
liotal Side length of a plot with one regular square block [m]
L Cumulative index of building surface area [m)]
LW iown Downwelling terrestrial radiation at the surface [W m™2]
LWhet Net exchanged terrestrial radiation at the surface [W m_z}
Nypwitd Total number of buildings in district [1]
Ny Number of facets in urban geometry [1]
N, Number of Monte Carlo realisations for a solar elevation angle of ~ [1]
N, Number of layers in the urban canopy model [1]
Nstream Number of streams per hemisphere employed in the Discrete Ordinates Method [1]
Nzen Number of Monte Carlo realisations for v = 90° [1]
Dwg Probability distribution of wall-to-ground distance [1]
Dww Probability distribution of wall-to-wall distance [1]
Qair Solar flux density absorbed by the air in the urban canopy layer [W m™2]
dair Qair normalised by Qp [1]
Qbody,sw Average solar flux density incident on the human body [W m™2]
Qbody,lw Average terrestrial flux density incident on the human body [W m™2]
Op Downwelling solar flux density at the top of the urban canopy layer [W m~2]
Qfacet Solar flux density absorbed by a facet [W m™2]
Qr Solar flux density absorbed by the facades [W m™2]
qF Qr normalised by Qp [1]
Qg Solar flux density absorbed by the ground [W m~2]
qG QG normalised by QD [1]
Qr Solar flux density absorbed by the roofs [W m—2]
4R Qg normalised by Qp [1]
Qr Solar flux density absorbed by the trees [W m™2]
qr Qr normalised by Qp [1]
QU Upwelling solar flux density at the top of the urban canopy layer [W m_Q}
qu Qu normalised by Qp [1]
me,spec Solar flux density absorbed by a specularly reflecting window [W m_2]
Roet Net all-wave radiation [W m™2]
o Stefan-Boltzmann constant [W m™2]
on Standard deviation of building height [m)]
Omaxzx Largest value of the standard deviation of normalised Monte Carlo observables [1]
SWaown Downwelling solar radiation at the surface [W m™2]
SWhet Net absorbed solar radiation at the surface [W m™2]
Ts Skin surface temperature [K]
z Height above ground [m)]

Ztop Height of the urban canopy layer top [m)]
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Fig. 17 Effect of urban morphology simplifications on the urban, roof, facade, and ground
solar radiation budget for direct-only downwelling solar radiation and the LCZ9 morphology
with flat roofs. The values of oz indicate the highest value of the standard deviation of
the radiative observable obtained from the MCM simulations for all values of ~
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Fig. 18 Same as Fig. 17, but for LCZ9 with pitched roofs
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Fig. 19 Same as Fig. 17, but for LCZ2a with pitched roofs
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Fig. 20 Same as Fig. 17, but for the LCZ2a morphology with flat roofs.



Robert Schoetter et al.

54
0.8 -
Omax =4.4e-04 —— Real geometry
0.7 Omax =3.56-04 --- Street canyon
' O =4 20-05 Regular blocks
max T —— Flat ground
0.6
0.5 A
[a) o
© ©
5 35
0.3
0.1
0 T T T T T
20 45 60 75 90
Solar elevation angle [°]
0.8

Q+/Qp

0.2 1

0.1+

Omax =1.1e-03
Omax =7.5e-04

1" 20

45 60 75 90

Solar elevation angle [°]

0.8

0.7

0.6

0.5+

0.4+

0.3 1

0.2

0.1+

Omax =8.2e-05
Omax =4.6e-05

Omax =4.6e-05

—

0.8

1" 20 45 60 75 90
Solar elevation angle [°]

0.7 A

0.6 1

Omax =2.3e-04
Omax =1.1e-04

Omax =3.5e-05

45 60 75 90
Solar elevation angle [°]

Fig. 21 Same as Fig. 17, but for LCZ2b with flat roofs
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Fig. 22 Same as Fig. 17, but for LCZ2b with pitched roofs
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Fig. 23 Same as Fig. 17, but for LCZ5 with flat roofs
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Fig. 24 Same as Fig. 17, but for LCZ5 with pitched roofs
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Fig. 25 Same as Fig. 17, but for LCZ10
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Fig. 26 Same as Fig. 17, but for LCZ3
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Fig. 27 Same as Fig. 17, but for LCZ6a with flat roofs



Title Suppressed Due to Excessive Length 61

0.8 - 0.8 -
Omax :4.4e—04 —— Real geometry Omax :6.1e—04
0 7 Omax =3.4e-04 --- Street canyon 0 7 Omax =3.8e-05
' O =4 20-05 Regular blocks ' O =3 80-05
max = —— Flat ground max =
0.6 - 0.6
0.5 A 0.5 A
[a] [
% 0.4 A :g 0.4 A
0.3 0.3 1
02 ' 0.2-
0.1+ 0.1+
0 T T T T T T O T T T T T T
1 20 45 60 75 90 1 20 45 60 75 90
Solar elevation angle [°] Solar elevation angle [°]
0.8 - 0.8 -
Omax =5.4e-04 Omax —2e-04
Omax =5.6e-04 Omax =1.4e-04
0.7 A 0.7 A
Omax —4.8e-05
0.6 0.6

1 20 45 60 75 90 1 20 45 60 75 90
Solar elevation angle [°] Solar elevation angle [°]

Fig. 28 Same as Fig. 17, but for LCZ6a with pitched roofs
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Fig. 29 Same as Fig. 17, but for LCZ6b with flat roofs
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Fig. 30 Same as Fig. 17, but for LCZ6b with pitched roofs
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Fig. 31 Same as Fig. 17, but for LCZ8
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Fig. 32 Same as Fig. 17, but for LCZ4
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Fig. 33 Effect of urban morphology simplifications on the urban, roof, facade, and ground
solar radiation budget for diffusive-only downwelling solar radiation and the LCZ1, LCZ3,
LCZ4, and LCZ8 districts
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Fig. 34 Same as Fig. 33, but for the LCZ2b and LCZ5 districts with flat and pitched roofs
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Fig. 35 Same as Fig. 33, but for the LCZ6a and LCZ6b districts with flat and pitched roofs
as well as the LCZ10 district
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Fig. 36 Effect of (specularly-reflecting) windows on the urban, roof, facade, and ground
solar radiation budget for clear-sky conditions and the realistic LCZ9 morphology
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Fig. 37 Same as Fig. 36, but for the realistic LCZ2a morphology
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Fig. 38 Same as Fig. 36, but for the realistic LCZ1 morphology
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Fig. 39 Effect of participating atmosphere on the terrestrial radiation exchanged by the
sky, the roofs, the facades, the ground, and the air for clear-sky tropical for the realistic
LCZ morphologies and sub-arctic winter atmospheres
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Fig. 40 Same as Fig. 39, but for clear-sky mid-latitude summer and winter atmospheres
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Fig. 41 Same as Fig. 40, but for different skin surface temperature of urban facets
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Fig. 42 Effect of trees on the urban, roof, facade, ground, and tree solar radiation budget
for direct-only downwelling solar radiation and the realistic LCZ2a morphology
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Fig. 43 Same as Fig. 42, but for the realistic LCZ4 morphology



Title Suppressed Due to Excessive Length 7

0.7 - 0.7 -
amax:me—m — Notrees Omax :1A1e—03
Omax =1.9e-04 — With trees Omax =1.1e-03
0.6 1 0.6
0.51 0.5 A
:8 0.4 :6 0.4 4
> &
o3 7% 0 03-
0.24 0.2 1
0.14 0.1
O T T T T T T T T 0 T T T T T T T T
1 20 45 60 75 90 1 20 45 60 75 90
Solar elevation angle [°] Solar elevation angle [°]
0.7 - 0.7 -
Omax =1.2e-01 Omax =6.8e-05
Omax =1.2e-01 Omax =7.1e-05
0.6 0.6 1
0.51 0.5 A
:b’o 0.4+ ;bﬂ 0.4
v o
© 0.3+ © 03
0.24 0.2 1
0.14 0.1 A
O T T T T T T T T 0 T T T T T T T T
1 20 45 60 75 90 1 20 45 60 75 90
Solar elevation angle [°] Solar elevation angle [°]
0.7 -
Omax =8.9e-05
0.6 1
0.51
ij 0.44
<
© 03
0.2 1
0.14

17720 45 60 75 90
Solar elevation angle [°]

Fig. 44 Same as Fig. 42, but for the realistic LCZ5 morphology
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Fig. 45 Effect of fog on the urban, roof, facade, and ground solar radiation budget for the
realistic LCZ2a morphology
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Fig. 46 Same as Fig. 45, but for the realistic LCZ5 morphology
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Fig. 47 Same as Fig. 45, but for the realistic LCZ9 morphology
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Fig. 48 Effect of fog on the terrestrial radiation exchanged by the sky, the roofs, the facades,
and the ground for the realistic LCZ2a morphology
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Fig. 49 Same as Fig. 48, but for the realistic LCZ5 morphology
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Fig. 50 Same as Fig. 48, but for the realistic LCZ9 morphology



