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Abstract. Including radiative transfer processes within the
urban canopy layer into microscale urban climate models
(UCMs) is essential to obtain realistic model results. These
processes include the interaction of buildings and vegeta-
tion with shortwave and longwave radiation, thermal emis-
sion, and radiation reflections. They contribute differently
to the radiation budget of urban surfaces. Each process re-
quires different computational resources and physical data
for the urban elements. This study investigates how much de-
tail modellers should include to parameterize radiative trans-
fer in microscale building-resolving UCMs. To that end, we
introduce a stepwise parameterization method to the Paral-
lelized Large-eddy Simulation Model (PALM) system 6.0 to
quantify individually the effects of the main radiative transfer
processes on the radiation budget and on the flow field. We
quantify numerical simulations of both simple and realistic
urban configurations to identify the major and the minor ef-
fects of radiative transfer processes on the radiation budget.
The study shows that processes such as surface and vegeta-
tion interaction with shortwave and longwave radiation will
have major effects, while a process such as multiple reflec-
tions will have minor effects. The study also shows that radia-
tive transfer processes within the canopy layer implicitly af-
fect the incoming radiation since the radiative transfer model
is coupled to the radiation model. The flow field changes
considerably in response to the radiative transfer processes
included in the model. The study identified those processes

which are essentially needed to assure acceptable quality of
the flow field. These processes are receiving radiation from
atmosphere based on the sky-view factors, interaction of ur-
ban vegetation with radiation, radiative transfer among urban
surfaces, and considering at least single reflection of radia-
tion. Omitting any of these processes may lead to high un-
certainties in the model results.

1 Introduction

Urban climate models (UCMs) are useful tools to study the
interaction between the urban environment and the atmo-
sphere. They are broadly classified into two categories: the
urban canopy-layer models and the urban boundary-layer
models. The first category focuses on the microscale vari-
ations occurring below the canopy height (Maronga et al.,
2020; Salim et al., 2018; Franke et al., 2012; Gross, 2012;
Friih et al., 2011; Eichhorn and Kniffka, 2010; Huttner and
Bruse, 2009). The second one examines the mesoscale varia-
tions occurring above the canopy height (Skamarock et al.,
2019; Schliinzen et al., 2018; Jacob et al., 2012; Rockel
et al., 2008). Over the last decades, the first category of
UCMs has received an increasing interest as modern urban
planning tools. They have been used to identify the impli-
cations of climate change for urban areas and to substan-
tiate planning decisions as well as adaptation measures for
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climate change scenarios (Tumini and Rubio-Bellido, 2016;
Crank et al., 2018; Geletic et al., 2019; Oswald et al., 2020).
Also they have been used for a broad range of applications
such as air pollution control, heat and wind comfort assess-
ment, and general understanding of urban boundary-layer
flows (Erell, 2008). The development of models has been
mainly driven by recent advances in computer capacities, nu-
merical algorithms, parameterization of micrometeorological
processes, and data availability for urban structure (Masson
et al., 2020). Together, these advances enabled UCMs to per-
form high-resolution simulations for large domains.

Modelling the radiative transfer processes (RTPs) within
the urban domain is a key component in any UCM. It pro-
vides the surface radiation budget that is required for solv-
ing the surface energy balance. Indeed, an accurate predic-
tion of surface radiation budget is fundamental to realisti-
cally model boundary-layer processes as it strongly affects
turbulent surface heat fluxes (sensible and latent) (Xie et al.,
2007), photolysis, and biometeorological parameters. How-
ever, modelling RTPs, which include radiation absorption,
emission, reflection and scattering, in urban areas is a chal-
lenging task for many reasons. Firstly, the variation in sur-
face material properties of different surface cover in an ur-
ban area (buildings, water, trees, etc.) generates a myriad of
surfaces with different radiative properties such as emissiv-
ity and albedo. This makes it difficult to generate bulk ra-
diative properties for urban areas (Oke, 1986). Secondly, the
heterogeneity of shape and orientation of urban surfaces al-
ters the incoming irradiance through many processes, such as
shadow casting and multiple reflections. Thirdly, the radia-
tive properties of the atmosphere are highly sensitive to air
pollutants, clouds, and air temperature and humidity, which
themselves are highly variable in urban areas (Verseghy and
Munro, 1989a, b). Fourthly, modelling the RTPs is demand-
ing in terms of radiative properties of urban surfaces and
computational resources, which are not always available. Fi-
nally, the RTPs are non-local; i.e. urban surfaces may ex-
change radiation not only with other nearby surfaces but also
with more distant surfaces. This poses technical difficulties
to the numerical algorithms of those UCMs employing paral-
lelization via horizontal domain decomposition (Resler et al.,
2017).

For these reasons, it is excessively difficult to consider all
the RTPs in UCM. Therefore, there exists a range of radia-
tive transfer models (RTMs) of varying sophistication in the
UCMs ranging from neglecting altogether the RTPs to pa-
rameterize most of the important RTPs in the canopy-height.
However, there is little knowledge on how these models com-
pare across a range of urban geometries and material proper-
ties encountered in an urban area. This knowledge is needed
to estimate when these models are valid and how large the
errors resulting from neglecting some of the RTPs in such
models.

Many studies focused on the general effect of including
solar radiation on the simulation of the flow field and pollu-
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tant dispersion in urban areas (Bottillo et al., 2014; Qu et al.,
2012; Dimitrova et al., 2009; Xie et al., 2005; Archambeau
et al., 2004). These studies used different methods to include
thermal radiation. Some studies, e.g. Xie et al. (2005), used
heated surfaces and other studies, e.g. Qu et al. (2011) and
Archambeau et al. (2004), used embedded radiation mod-
els to provide the net atmospheric radiation flux for each
solid surface. These studies showed that including solar radi-
ation has significant effects on the flow field within the urban
canopy layer (UCL) and on the associated processes, such as
air pollution transport (Bottillo et al., 2014; Qu et al., 2012;
Dimitrova et al., 2009; Xie et al., 2005; Archambeau et al.,
2004). However, all these studies consider the radiative trans-
fer in the canopy layer as a bulk process without distinguish-
ing its inherent RTPs and most of them ignore some RTPs
such as radiation reflections. To our knowledge, there is no
study which evaluates the radiative transfer within an urban
area by splitting down the RTPs and addresses their individ-
ual effects.

The main aim of this study is to investigate how much
detail we should include to reasonably parameterize the
radiative transfer in microscale building-resolving UCMs
within the available computational resources. We introduce
a generic method to individually evaluate the processes in-
volved in the radiative transfer by isolating its effect on the
surface radiative budget as well as the flow patterns. The
comparison of the individual effects of each process allows
an assessment of the applicability of the approximations ap-
plied in the UCMs. We focus on the major RTPs, such as
the solid surface interaction with the incoming shortwave
and longwave radiation, vegetation interaction with short-
wave and longwave radiation, thermal emission of solid sur-
faces and vegetation, radiation reflection, and the interaction
of vegetation with the reflected radiation. Those major RTPs
exist in the commonly used UCMs. It is worth here mention-
ing that this study does not engage with validating the RTM
of the Parallelized Large-eddy Simulation Model (PALM)
against observations, which is the scope of other studies (Kr¢
etal.,, 2021; Kr¢, 2019; Resler et al., 2017, 2021).

The paper is organized as follows: in Sect. 2, the methodol-
ogy section, we provide a brief overview of the PALM model
system and its RTM, which is employed in this study. We
further describe in this section the stepwise parameterization
method which is used to quantify the effect of each RTP pro-
cess. The study cases and the quantification measures are de-
scribed in Sect. 3. Section 4 presents the findings of the re-
search, focusing on the key features that are modified by ra-
diative transfer, i.e. the surface radiation budget and the flow
field.
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2 Methodology
2.1 PALM 6.0 model system

The urban climate model adopted to this study is the PALM
6.0 model system. This model system is developed to be
a modern and highly efficient model allowing for simula-
tions over large domains (neighbourhood and city scale)
with building-resolving spatial resolution (Maronga et al.,
2019). It is based on the well-established large-eddy simu-
lation (LES) PALM version 4.0 (Maronga et al., 2015). The
model is further developed within the framework of the first
phase of the funding programme “[UC?] — Urban climate un-
der change”, funded by the German Federal Ministry of Ed-
ucation and Research (BMBF), to enhance the components
needed for the application in urban environments (so-called
PALM-4U components), such as interactive building surface
and air quality schemes. Within the second phase of [UC?],
PALM-4U is further developments to enhance its physical
implementations, evaluation, and practicability. The model is
briefly described below; however, for a detailed description,
readers are advised to refer to Maronga et al. (2020).

The PALM model system solves the three-dimensional,
non-hydrostatic, filtered, incompressible Navier—Stokes
equations of wind (u, v, and w) and scalar variables
(subgrid-scale turbulent kinetic energy, potential tempera-
ture, and specific humidity). These variables are staggered
on an Arakawa-C Cartesian grid (Harlow and Welch, 1965;
Arakawa and Lamb, 1977) with scalars defined at the cen-
tre of a grid box and the velocity components defined on the
respective box faces. The Boussinesq approximation is ap-
plied to the filtered Navier—Stokes equations, and thus den-
sity variations are neglected except for the buoyancy term.
The subgrid-scale turbulence parameterization depends on
the mode of simulation being LES or the Reynolds-averaged
Navier—Stokes (RANS).

The PALM model system includes all the modules re-
quired for simulating most of the atmospheric processes in
complex urban areas (Salim et al., 2020). The plant canopy
module accounts for the leaf—air interactions, such as the ver-
tically extended drag, release of heat, and plant evapotran-
spiration for resolved vegetation such as trees and shrubs.
The urban surface module (first version described by Resler
et al., 2017) provides an energy balance solver for all ur-
ban elements (building walls, roofs, windows, green facades,
pavements, etc.). The land surface module comprises an en-
ergy balance solver for natural (short non-grid-resolved veg-
etation, bare soil, and water) surfaces and pavements to re-
alistically predict surface conditions and fluxes of sensible
heat and latent heat as well as a multi-layer soil model to
account for vertical diffusion (Maronga and Bosveld, 2017).
The indoor climate module assesses the anthropogenic ef-
fects (i.e. air conditioning) on the urban atmosphere and pre-
dicts both indoor temperature as well as energy demand of
buildings and waste heat. The chemistry module considers
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the chemical reactions, emission, deposition, and transport
of substances, including reactive species to account for air
pollution issues in urban environments. The biometeorologi-
cal module evaluates the outdoor comfort of individuals in
cities. The companion papers in this special issue as well
as Maronga et al. (2020) give detailed descriptions of these
model components.

The model exhibits excellent scalability on massively par-
allel computer architectures (Maronga et al., 2015). The
model has been successfully evaluated against wind tunnel
simulations, previous LES studies, and field measurements
(Kanda et al., 2013; Letzel et al., 2008; Park et al., 2015;
Razak et al., 2013).

2.2 Radiative transfer model

The RTM within PALM 6.0 system models the major short-
wave (SW) and longwave (LW) radiative processes inside the
UCL (Kr¢ et al., 2021; Kr¢, 2019). In particular, it calcu-
lates the SW and LW irradiance received by all surfaces in
the domain from the sky according to their orientation. This
includes direct and diffuse shortwave irradiance and diffuse
longwave irradiance from the atmosphere. To this end, it cal-
culates for each surface a sky-view factor (SVF), using a ray-
tracing algorithm, to adjust the radiation from the radiation
model at the UCL top level to the respective surface. Also,
it calculates the attenuation of SW irradiance due to vegeta-
tion (urban trees and shrubs) based on its leaf area density.
Thus, the RTM calculates the plant canopy sink factor for
each grid box containing leaves. For simplicity, vegetation is
assumed to have zero heat capacity and the same tempera-
ture as the surrounding air, which is a common assumption
in RTM approaches (Dai et al., 2003). The RTM also cal-
culates the absorbed and the emitted SW and LW radiation
from each surface, according to the surface properties, i.e.
albedo and emissivity.

Another important process modelled by the RTM is the ex-
change of SW and LW irradiance by reflections, in the pres-
ence of vegetation. To enable this, RTM calculates mutual
surface view factors (VFs). For computational reasons, how-
ever, the model uses a finite number of reflections (Krayen-
hoff et al., 2007) rather than infinite reflection (Yang and Li,
2013). Additionally, all surfaces are considered as Lamber-
tian reflectors; hence, directional reflection is not considered.

In all these processes, the absorption, scattering, and ther-
mal emission by air mass are neglected. Consequently, the
model application in some weather situations such as fog,
heavy precipitation, or dense smog is limited at the moment.

The RTM processes are briefly described in Sect. 2.4.
However, the detailed description of the RTM is given in Kr¢
et al. (2021) and in Kr¢ (2019).

In order to perform this study, the PALM 6.0 model is
edited to implement the stepwise parameterization method
described in Sect. 2.4. In particular, switches were added to
isolate the radiation processes according to the required step.

Geosci. Model Dev., 15, 145-171, 2022



148

2.3 Radiation model and coupling

The Rapid Radiative Transfer Model for Global models
(RRTMG; Clough et al., 2005) is used in PALM, and hence
in this study, to provide the shortwave and longwave radi-
ation components at the top of the urban canopy (highest
obstacle, a building, or a tree, plus a height buffer). The
RRTMG provides both the direct SW radiation flux and the
diffuse downwelling SW and LW fluxes at this height. The
recent development of the PALM model allows for a two-
way coupling between the radiation model, the RRTMG in
this case, and the RTM (Kr¢ et al., 2021). For instance, the
incoming SW and LW radiation fluxes from the RRTMG are
used as inputs to the RTM so that all the RTPs are calculated
and provided to the impeded models (e.g. urban and land sur-
face model) for solving the energy balance. Simultaneously,
the RTM provides three effective radiation surface parame-
ters to the RRTMG, which are used as its boundary condi-
tions: the effective surface temperature, the effective surface
emissivity, and the effective surface albedo.

The RRTMG-RTM coupling is an important feature of
PALM. In Sect. 4, we show how the RTPs integrated in the
RTM do not only affect the surface radiation budget directly
but also implicitly as these processes change the effective ra-
diation surface parameters.

2.4 Stepwise parameterization method (SPM)

A bottom-up approach is used to put together the composi-
tional sub-RTPs to give rise to the more complex RTM. In
other words, a specific RTP is selected and integrated into
the previous RTM to form the next RTM. Thus, the effect
of adding this particular process to the RTM can be isolated
and quantified. In this way, a series of RTMs with different
sophistication emerged in a stepwise manner, starting from a
simple RTM to the full RTM (Table 1). The order of adding
the sub-RTPs to build up these RTMs depends on the degree
of complexity needed to consider the RTPs and the expected
effect of this process on the radiation budget. Each RTM is
briefly described below.

2.4.1 No radiation (RTM_00)

Radiation is ignored altogether in this parameterization step
so that there are no RTPs within the urban domain. This re-
sembles the simulation of the neutral atmospheric boundary
layer. Although radiation is ignored in this parameterization
step, it is used here as a baseline for comparing the different
RTPs.

2.4.2 Simple RTM (RTM_01)

All surfaces receive equal incoming radiation (SW and LW)
from the radiation model without any interference with ob-
stacles (buildings or trees). The value of the received radia-
tion, ¢, for a surface i is calculated so that the total incoming
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radiation from the radiation model, E, over the whole domain
A is divided equally among all the surfaces, as follows:

6]

where a is the surface area, N is the number of surfaces,
including roofs, walls, and ground surfaces.

This means that both SVFs and VFs are not needed here.
Although this simplification reduces the memory and the
CPU time requirements considerably (see Sect. 2), major
RTPs such as surface orientation, obstacle shadow, surface
emission, reflections, etc. are missed out.

2.4.3 SKky view (RTM_02)

In this parameterization step, the RTM calculates the SVF of
each grid-box face, to account for diffuse radiation, as well
as shape factors to determine if, for a specific point in time,
a face is exposed to direct sunlight. This will have a major
influence on the surface-received SW and LW fluxes for two
reasons. First the model can predict the shadow due to build-
ings, and second the model can prescribe proper SW flux
from the Sun and LW flux from the atmosphere to the verti-
cal surfaces. The incoming SW and LW fluxes are improved,
compared to the simple RTM; however, they result in an in-
crease in the runtime as well as the memory requirements to
calculate SVFs. This RTM does not include the effect of trees
on the radiative transfer.

2.4.4 Vegetation interaction with SW solar radiation
(RTM_03)

Resolved vegetation (urban trees) is represented in the model
as a porous media by its leaf area density (LAD). In this
RTM, each grid box with a non-vanishing LAD, i.e. ur-
ban vegetation canopy box, absorbs part of the SW radiant
flux passing through it, according to its transmittance (the
factor that defines how much incoming radiation is pass-
ing through). The transmittance, T, is defined in PALM as
T = exp(—was), where a is the canopy box LAD, s is the
length of ray’s intersection with the plant canopy, and the
constant « is the extinction coefficient, which is set to 0.6.
The leaf thermal capacity is assumed to be zero, so that the
absorbed radiation is directly transferred to air. Details on
how the absorbed radiation is partitioned between sensible
and latent heat flux are given in Kr¢ et al. (2021).

2.4.5 Surface emission (RTM_04)

In this step, RTM allows all surfaces to receive LW radiation
not only from the atmosphere but also from the outgoing LW
radiation emitted from other building surfaces. According to
the Stefan—Boltzmann law, a surface of a skin temperature 7§
emits thermal radiation equal to o Ts4; here, ¢ is the emissiv-
ity and o is the Stefan—Boltzmann constant. The amount of
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Table 1. Composition of radiative transfer processes (RTPs) for each radiative transfer model (RTM) used in the stepwise parameterization

method (SPM).
Radiative  Radiation = Sky-view  Vegetation  Surface— Vegetation  Single SW  Vegetation Multiple
transfer for effect interaction  surface LW interaction and LW interaction SW and
process horizontal  (building  with SW radiation with LW reflection with reflected LW
surface shadows)  radiation interaction  radiation radiation reflections
RTM_00  Off Off Off Off Off Off Off Off
RTM_01  On Off Off Off Off Off Off Off
RTM_02 On On Off Off Off Off Off Off
RTM_03  On On On Off Off Off Off Off
RTM_04 On On On On Off Off Off Off
RTM_05 On On On On On Off Off Off
RTM_06  On On On On On On Off Off
RTM_07 On On On On On On On Off
RTM_08 On On On On On On On On

thermal radiation along with the reflected part of the LW ra-
diation from the atmosphere will be transferred to other sur-
faces according to their VF. Thus, in addition to the SVFs,
VFs for each surface to other surfaces must be calculated
in advance. This process alone may increase the asymptotic
computational complexity of a modelled domain, which has
a horizontal size of (n x n), to O(n’) or O(n3), depending
on the ray-trace discretization scheme (Kr¢, 2019). Also, sur-
faces may have mutual visibility, and hence exchange ther-
mal radiation, even when they are far apart. As a result, this
imposes further constrains on the memory layout of the par-
allelized models which use the Message Passing Interface
(MPI) system for the parallel process communication. This
represents a further increase in the runtime and the memory
requirements.

2.4.6 Vegetation interaction with LW irradiance
(RTM_05)

The interaction of vegetation with LW irradiance includes
mainly two processes: thermal radiative emission from vege-
tation towards the urban surfaces and the sky and the absorp-
tion of LW radiation within the vegetation. Minor processes
such as mutual LW radiative transfer and reflections within
vegetation itself are neglected to save computations. Such an
approximation is reasonable since vegetation in urban area
usually has low reflectivity (high emissivity) in the longwave
spectrum and similar surface temperature. The received irra-
diance of a surface j from a vegetation box i is calculated
as

Eeij=VFioT", 2)

where VF;_, ; is the respective view factor, o is the Stefan—
Boltzmann constant, and 7; is the leaves’ temperature (set
to the surrounding air temperature). Here, the reflections in
the plant canopy are ignored; hence, the emissivity of the
leaves is set to 1, based on Kirchhoff’s law. Thermal emission
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from vegetation towards the sky is similarly calculated using
the SVFs of the vegetation boxes. The absorbed LW by a
vegetation box i originating from face j is calculated as

e, =CSFiJe ;, (3

where CSF is the canopy sink factor and J. ; is the radiosity
of the surface. For the diffuse LW radiation from the sky, the
radiosity of the surface is the diffuse LW radiation flux from
the radiation model.

The extra geometrical factors required for this parameteri-
zation step, i.e. VF and CSF, are derived from the geometri-
cal factors calculated for the previous parameterization steps.
Detailed derivations for vegetation view and sink factors are
given in Kr¢ (2019). Although extra computational resources
are needed to calculate these factors, the radiant flux emitted
from vegetation towards each face must be exchanged among
processors. This implies further runtime due to MPI commu-
nications.

2.4.7 Single reflection (RTM_06)

Urban surfaces in this parameterization step may receive re-
flected LW and SW irradiance in addition to the received ir-
radiance from the main sources described above. Here, we
enable only one iteration of reflection of LW and SW irradi-
ance. This process is particularly important for the surfaces
located in shadows because it is their source of SW irra-
diance along with the incoming diffuse SW radiation from
sky. Also it enhances receiving LW irradiance along with re-
ceiving LW radiation from thermal emissions of other sur-
faces. The view factors needed for this step are already cal-
culated (Sect. 2.4.5); however, the reflected LW and SW irra-
diance fluxes must be exchanged among processors, similar
to RTM_05.

Geosci. Model Dev., 15, 145-171, 2022
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2.4.8 Vegetation interaction to reflected irradiance
(RTM_07)

In this parameterization step, vegetation partially absorbs the
reflected SW and LW radiation from all the surfaces where
vegetation boxes exist between the target and the source sur-
faces. The absorbed radiation is directly released to the at-
mosphere since vegetation is assumed to have zero heat ca-
pacity. The irradiance absorbed by vegetation is calculated
using CSF, similar to Sect. 2.4.6, and no MPI communica-
tion is needed here. The reflectivity of the vegetation is kept
at zero.

2.4.9 Multiple reflections (RTM_08)

Four iterative reflections of LW and SW irradiance are ap-
plied in this RTM. The number of reflection iterations is cho-
sen so that the absorbed radiation at the last reflection step is
small enough so that any further reflections can be ignored
(Kr¢ et al., 2021). With each reflection step, surfaces receive
radiation from the reflected LW and SW irradiance. In the
meantime, vegetation partially absorbs this received radia-
tion flux. With each reflection step, the reflected LW and SW
irradiance fluxes need to be exchanged among processors,
indicating higher runtime requirements.

This RTM represents the RTM version 3.0, which is used
in PALM 6.0 model system. Since it contains all the RTPs
covered in this study, we use it as a comparison RTM.

3 Study cases

Two study cases are employed in this study. The first case
has a rather simple geometry, while the second one has a re-
alistic urban configuration. The test cases are designed to this
study so that the changes due to each SPM step are explained
first on a simple configuration and then demonstrated on a
realistic case.

3.1 Simple urban configuration

Uniformly distributed buildings of cubic shapes are con-
sidered to represent a simple urban configuration with 16
buildings. However, imposing cyclic boundary conditions at
the domain sides implicitly indicates unlimited domain. All
buildings have the same size (building height H = 20m).
The buildings are arranged so that they shape street canyons
with an aspect ratio of 1. All surfaces between buildings are
paved. The grid spacing is 1 m in the all directions. All sur-
faces in the domain (buildings and pavements) have the same
surface characteristics. The albedo « and the emissivity € for
all surfaces are set to 0.15 and 0.9, respectively. This is in-
tentionally done so that comparing the irradiance among sur-
faces is not biased by different surface characteristics.

All trees in the domain (24 trees in total) are identical in
size and foliage density. They are uniformly distributed in
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the domain so that a tree is centred between two buildings.
The following empirical equation, suggested by Lalic et al.
(2013), is used to obtain the vertical distribution of LAD:

LAD(z) = LADp, exp|n|1l— s @
h—z h—z

where z is the height of a grid box centre, 4 is the tree height,
LADy, is the maximum value of LAD, and zy, is the height
this maximum occurs (Lalic et al., 2013). In this formula, the
constant n is set as follows to

6 0<
n= S&=imo (5)
05 zm=<z<h

Tree height, &, is set relative to the building size, H, so that
h/H = 0.67 and the LADy, and z,/ H values are assumed to
be 1.6m?>m~2 and 0.47, respectively. The crown diameter,
Dyree, Which describes how many grid boxes are occupied by
one tree is set as Dyee/H = 0.5. The wind direction is set to
270° (west wind). The street crossing located in the domain
centre and parts of the buildings in its surrounding are chosen
to be the focus domain. The building arrangement as well as
the focus domain are shown in Fig. 1.

3.2 Realistic urban geometry

A domain extending 1 x 1km? around the town square —
Ernst-Reuter-Platz located in Charlottenburg in Berlin (Ger-
many) — is employed here to apply the SPM procedures to
a realistic urban configuration, as shown in Fig. 2. This do-
main contains several features of urban complexity, such as
different building heights, street configurations, trees, and
open spaces. The available information of the real buildings
as well as the trees located in the domain is utilized to in-
tegrate the buildings and trees into the computational grid.
Moreover, the real orography heights as well as the surface
cover characteristics of the domain are also included. All data
are originally taken from the Geoportal Berlin and then pre-
processed by the German Aerospace Centre (DLR) to meet
the PALM input data standard (PIDS) (Heldens et al., 2020).

3.3 Quantification measures

In order to quantify the quality of each UCM, we introduce
quantification measures that compare the model results of
each step with the step before or with RTM_08, which con-
tains all the RTPs considered in RTM version 3.0 (Kr¢ et al.,
2021). In order to eliminate the boundary bias, a focus do-
main is chosen so that surfaces near boundaries, which may
receive radiation from the domain sides, are excluded from
the analysis (Figs. 1 and 2).

3.3.1 Surface radiation flux

The individual RTPs are quantified by calculating the change
of a relevant radiation flux, A¢, of a surface i due to includ-
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Outside simulation domain
Simulation domain
Focus domain

Details of the focus domain

Figure 1. Illustration of the simple urban configuration showing the simulation and the focus domain. The trees (shown in green) are centred

between buildings.

Figure 2. An aerial view of the realistic urban configuration show-
ing the 3-D buildings (fitted to the grid) and the plant canopy
boxes (trees, shown in green points). The configuration is centred
around Ernst-Reuter-Platz in Charlottenburg in Berlin (52°30.8' N,
48°19.31' E). The copyright for the underlying satellite image is
held by © GeoBasis-DE/BKG 2009, Google 2009.

ing this process in the RTM, as follows:

A¢ = ¢i RTM, — Pi RTM, » (6)

where ¢; rTM, 1S a radiation flux for a surface i in the current
RTM and q&,-,RTMp is the flux using the previous RTM. This is
done for each surface located in the focus domain every 1 h.
The distribution of these differences is usually multimodal
due to the surface orientations, thus, summary statistics such
as mean/median and interquartile ranges are not meaningful.
Therefore, the data are plotted using violin plots (Hintze and
Nelson, 1998), which are similar to a box plot but with the
addition of a rotated kernel density plot on each side.
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3.3.2 Flow properties

For each SPM step, the change in the flow properties is eval-
uated using a relative error measure of a flow property mag-
nitude (wind speed and air potential temperature) between
the model results of this step and those based on RTM_08.
A vector of relative error values is determined for all grid
points located in the focus domain. The normalized root-
mean-square error, nRMSE, of the relative error vector is
used to provide a scalar measure of error in the flow prop-
erties for a particular SPM step,

nRMSE,, =

1/2
1 Vi, j, ke — WG, j, k)rTv o8 |
(NZ< I/fref ) ) ' (7)

i,j.k

where ¥ (i, j, k). is the flow property at index i, j, kK when us-
ing SPM parameterization step, ¥ (i, j, k)RTM_o8 1s its equiv-
alent when using RTM_08, s is a reference property used
for normalization, and N is the number of atmospheric grid
points in the focus domain but excluding buildings.

The normalized volumetric flow rate, VZ+, is also used as
a measure for quantitative comparisons of the flow field in
the domain (Salim et al., 2015). This measure represents the
vertical volume flow rate, V_, through a horizontal plane at a
height z above the ground normalized by the domain cross-
sectional area Ay (omitting the buildings area), and a charac-
teristic velocity U (e.g. undisturbed corresponding velocity
at boundary-layer height). It is calculated as

V= vz )
< AqU

®)
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Similar to nRMSE,, only the focus domain is used to calcu-
late V;r to eliminate boundary effects.

These two measures, i.e. nRMSE, and V', quantify
changes in the wind speed, both horizontal and vertical, but
not the changes in the wind direction, which is not covered
in the analysis.

4 Results and discussion

The full 3-D simulations for all cases begin at 00:00 local
solar time (LST) on 30 June and lasted for 2 d. No cloud for-
mation is applied for all cases to ensure clear-sky conditions.
Before the 3-D simulation, a precursor simulation for 1 d us-
ing the PALM spin-up mechanism was done for each case.
This is done to properly initialize the surface temperature of
all surfaces and to reduce the computational load. Further de-
tails on the spin-up mechanism in PALM is given in Maronga
et al. (2020). The simulations of the simple case required be-
tween 2.86 and 3.11 wall-clock hours running on 100 com-
puter cores, totalling between 286 and 311 CPU hours per
simulation. The simulations of the realistic case were running
on 1024 computer cores for 4.53 to 5.55 wall-clock hours. In
total, the CPU hours ranged between 4644 and 5685h per
simulation.

4.1 Surface radiation fluxes for the simple case

Before proceeding to examine the effect of each RTP on the
surface radiation budget, we discuss the incoming SW and
LW radiation fluxes from the RRTMG radiation model at the
top of the UCL (Fig. 3), which are used as input for the dif-
ferent RTM configurations used in the simulations. SW radi-
ation peaks at midday with a value of 902 W m~2 and shows
only subtle differences between the different RTMs of up to
15W m~2 (Fig. 3a). Recalling the RRTMG-RTM coupling,
this is not surprising since the effective urban parameters re-
lated to the SW radiation do not vary significantly for such
a small configuration. LW radiation fluxes vary between 322
and 375 W m~? and feature relatively larger differences of up
to 53 Wm™? (Fig. 3b). Recalling again the RRTMG-RTM
coupling, the incoming LW radiation from the RRTMG is
affected by the effective urban parameters, i.e. the effective
emissivity and temperature. These parameters are sensitive
to the reflected, absorbed, and emitted surface LW radiation
flux, which vary with each RTP added to the RTM.

In the next sections, we compare the surface radiation
fluxes within the focus domain of both the simple and the
realistic urban domains when applying the SPM procedures.
We focus mainly on the incident SW and LW irradiance be-
cause they explicitly show the behaviour of RTM associated
to each SPM step.

Beside the violin plots, we occasionally show examples
of the spatial distribution of the changes in some relevant
radiation flux components for the surfaces. The walls, the
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roof, and the pavements of the simple urban configuration
are folded in a 2-D plot, showing the radiation flux changes
in all the surfaces. The surface fluxes shown on these plots
are based on the surface fluxes at 14:00 LST (instantaneous
flux for SW radiation and hourly averaged flux for LW radi-
ation). At this time, the surfaces are exposed to direct solar
radiation and all surfaces are heated.

The figures are based on the surfaces located only in the
focus domain to eliminate boundary effects. The number of
surfaces in the focus domain of the simple configuration is
3200 surfaces (1600 vertical and 1600 horizontal surfaces of
1 m? each).

4.1.1 Simple RTM (RTM_01)

The incident SW and LW irradiance for the surfaces in the
focus domain are compared to those of the no-radiation-
interaction case (RTM_00) (Fig. 4). Incidentally, the median
and the average of the respective SW and LW values are iden-
tical because all the surfaces, regardless of their orientation,
receive the same value of incoming radiation. Using this sim-
ple RTM overestimates the incoming SW flux in the shadow
areas, where only the reflected and the diffuse SW fluxes are
expected, and underestimates the incoming SW flux in the
unshaded areas, especially the roof and ground surfaces. The
incoming LW radiation from the sky is overestimated in the
surfaces which have low sky visibility and underestimated
for those having high sky visibility, due to averaging. Also
all surfaces miss the LW emissions from building surfaces
and trees as well as from LW reflections.

4.1.2 Sky view (RTM_02)

The calculated SVFs and Sun visibility enable the model to
more realistically predict the incoming direct and diffuse SW
radiation flux from the Sun on both horizontal and vertical
surfaces, giving rise to building shadows. Also, the SVFs ad-
just the received LW flux for the horizontal surfaces and add
the corrected value to the vertical surfaces. In Fig. 5, the re-
spective values of this case are compared to those predicted
by RTM_01.

Large changes in the SW radiation flux (600 W m~2) re-
sult from the changes in the direct component. For instance,
the negative high values are related to the surfaces located in
the shadow, while the positive high values are related to the
unshaded surfaces. The resulting relatively small values in
the changes in mean SW irradiance stem from the changes in
the diffusive component. Since surfaces have diverse SVFs,
the changes of the diffusive SW component are accordingly
distributed, unlike the direct SW component.

The increased LW radiation flux (up to +175W m~2)
belongs mainly to the roof and pavement surfaces, which
receive the full incoming LW radiation flux compared to
the average value in RTM_O1. The negative changes (up to
—105W m~2) are related to the wall and some pavement sur-
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Figure 3. The daily course of incoming (a) shortwave and (b) longwave radiation fluxes for the top of the urban layer of the simple urban
configuration at 52° N on 1 July for different RTM configurations. Please note that the lines overlap in panel (a) due to the small relative
changes in the incoming SW radiation.
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Figure 4. Changes in the received SW and LW irradiance within the focus domain of the simple urban configuration when applying the
simple RTM (RTM_01) compared to the neutral case (RTM_00). Since all surfaces receive the same radiation in the simple RTM, the violin
plots appear as concentrated points. The mean values are shown by a dashed black line and the median values are shown by black circles.

faces whose SVFs are reduced in the current parameteriza- 4.1.3 Vegetation interaction with SW irradiance
tion step. Moreover, the received LW radiation changes im- (RTM_03)

plicitly due to the changes in the RRTMG’s longwave radi-
ation discussed above. This behaviour is summarized in the
spatial distribution of the changes of the incident LW flux at
14:00 UTC in Fig. 6.

The changes in the received SW and LW irradiance due to
considering the vegetation interaction with the incoming SW
radiation flux are shown in Fig. 7. The vegetation partially
absorbs the incoming direct and diffuse SW flux components
based on its LAD leading to a reduction of up to 900 W m~2.
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(a) Changes in SW radiation flux
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(b) Changes in LW radiation flux
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Figure 5. Changes in the received SW and LW irradiance within the focus domain of the simple urban configuration when considering the
surface sky-view factors (RTM_02) compared to the RTM_01. The roof, the wall, and the ground surfaces are shown in the violin plots in
orange, blue, and green, respectively. Similar to Fig. 4, the mean values are shown by a dashed black line and the median values are shown

by black circles.
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Figure 6. Changes in the received LW radiation flux within the focus domain of the simple urban configuration when considering the surface
sky-view factors (RTM_02) compared to the RTM_01. Walls (left plot), pavements (in the centre of the right plot), and roofs (rectangles on
all four sides in the right plot) are folded. See the details of the focus domain of the simple urban configuration in Fig. 1.

For direct SW irradiance, trees partly or fully cast shadows
on the surfaces located in their shadow angle if they are not
shaded by buildings anyway. Since direct SW irradiance is
the dominant incoming flux during daytime, the radiation
budget of the surfaces impacted by vegetation are highly
changed. For diffuse SW irradiance, trees decrease the view
factor of those surfaces located in their effective view area,
and hence decrease the incoming diffuse SW irradiance as
well. Since diffuse SW is not directional, all surfaces having

Geosci. Model Dev., 15, 145-171, 2022

trees in their view angle are affected, even if they are shaded
by buildings (e.g. Fig. 8).

Although this parameterization does not allow direct in-
teraction of vegetation with LW radiation, slight changes in
the incoming LW irradiance, compared to the previous step,
are noticed. This is attributed to the changes in the incoming
LW radiation from the radiation model (RRTMG) due to the
RRTMG-RTM coupling, Fig. 3b.
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Figure 7. Changes in the received SW irradiance within the focus
domain of the simple urban configuration when considering vegeta-
tion interaction with SW solar radiation (RTM_03) compared to the
RTM_02. Violin, mean, and median colours are used in the same
way as those in Fig. 5.

4.1.4 Surface thermal emission (RTM_04)

The changes in the received LW irradiance shown in Fig. 9
are due to receiving thermal emissions from urban surfaces in
the RTM. Most of the surfaces receive considerable amounts
of LW radiation; nevertheless, some surfaces do not receive
LW radiation from surface emissions. Those surfaces do have
a vanishing view factor to any other surfaces (i.e. the roof
surfaces, Fig. 10). What stands out in this configuration is
the high value of received radiation flux even at nighttime,
compared to RTM_03. This contribution to the surface radia-
tion budget is considerable, and for some surfaces, especially
those located in shadows, it is the main source of radiation.

The SW radiation parameterization is not changed; hence,
negligible changes less than 1 W m™2 in the received SW ra-
diation flux are simulated (not shown here).

The considered process in RTM_04 has also an implicit
implication on the radiation budget. For instance, when a
surface receives extra LW irradiance from thermal emission
of other surfaces, its surface temperature increases. Accord-
ingly, the thermal emission from this particular surface in-
creases with increasing the surface temperature to the power
of 4 according to the Stefan—Boltzmann law. Thus, in turn,
the other surfaces will receive higher LW irradiance as well.

Including this process decreases the incoming LW radia-
tion from the atmosphere by about 1 W m~2 due to the cou-
pling of RTM and RRTMG. In the previous steps, all the sur-
face LW emission is emitted to the atmosphere, while in this
step these emissions are only partially emitted to the atmo-
sphere, leading to a lower effective surface temperature.
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4.1.5 Tree thermal emission (RTM_05)

So far, the entire vegetation interaction with LW transfer has
been ignored. The justification is that the absorbed LW radi-
ation by vegetation may be compensated by the emitted LW
radiation from vegetation. This simplification is acceptable
provided that the surface temperature of the plant canopy is
similar to the temperature of the surrounding surfaces. How-
ever, this is not always the case. Therefore, both the absorp-
tion and the emission of LW radiation by vegetation are in-
cluded in this step.

Here, surfaces receive more LW emissions compared to
the previous case by up to 60 W m~2 (Figs. 11 and 12). This
is an indication that the emitted LW radiation from trees is
higher than the absorbed, resulting in higher LW radiation
received by surfaces. Since surfaces have different view fac-
tors to trees, the LW radiation received by the surfaces is
affected by the tree-surface relative location (Figs. 11 and
12). Recalling the parameterization of this step in the RTM
(Sect. 2.4.6), the leaves’ temperature is set to the surrounding
air temperature. During daytime, the net incoming radiation
under the trees is still lower by 400 W m~2 compared to its
surrounding. During nighttime, this situation is reversed. We
find about 90 W m~2 more net radiation under the tree com-
pared to the surroundings.

Allowing vegetation interaction with LW radiative transfer
modifies the radiation balance in urban areas. Particularly, it
increases the outgoing LW radiation due to increasing the
LW radiation absorption within vegetation, reflection from
surfaces, and emission from surfaces due to its higher tem-
perature compared to RTM_04. This in turn modifies the ef-
fective urban parameters which control the RRTMG-RTM
coupling.

4.1.6 Single reflection (RTM_06)

Figure 13 gives the changes in the SW and LW received radi-
ation due to considering a single reflection in the RTM. The
figure shows that all surfaces receive radiation from the re-
flected radiation from other surfaces, which depends on the
surface albedo and surface emissivity except the roof sur-
faces that do not have a view to other surfaces. However,
how much additional radiation a surface receives by reflec-
tion from another surface depends on their mutual VF as well
as on the amount of reflected radiation. For such a simple
and regular configuration the variability of the reflected LW
radiation is low among surfaces. Therefore, the VFs are pre-
dominating. However, this is not the case in SW radiation.
Surfaces near unshaded surfaces receive up to 60 W m~? re-
flected SW radiation at 14:00 UTC while other surfaces re-
ceive less (Fig. 14).

The RTM in PALM is designed in such a way that surfaces
absorb all the received reflected radiation after the last reflec-
tion step which in the case of RTM_06 is one reflection. In
other words, surfaces do not reflect part of the received ra-
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Figure 8. Changes in the received diffuse SW radiation flux within the focus domain of the simple urban configuration when considering
vegetation interaction with SW solar radiation (RTM_03) compared to the RTM_02. Walls, roofs, and pavements are folded the same way as

those in Fig. 6.
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Figure 9. Changes in the received LW irradiance within the focus
domain of the simple urban configuration when considering sur-
face thermal emissions (RTM_04) compared to the RTM_03. Vio-
lin, mean, and median colours are used in the same way as those in
Fig. 5.

diation from reflection. For this reason, the consideration of
only a single reflection is not enough to account for realis-
tic simulations especially for surfaces with low emissivity or
high albedo.
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4.1.7 Vegetation interaction with reflected radiation
(RTM_07)

Since the change in the incoming SW radiation from the
RRTMG radiation model is negligible in this step (Fig. 3a),
all surfaces receive up to 1.2 Wm™2 less reflected SW radi-
ation due to vegetation compared to the previous case. Inter-
estingly, small positive values in ALW less than 0.6 W m~2
are observed in particular during nighttime although nega-
tive values are expected. Some surfaces may receive slightly
higher reflected LW radiation when the RTM includes the
vegetation interaction with reflected radiation. Meanwhile,
the incoming LW radiation from the RRTMG radiation
model is slightly less than in the previous case (RTM_06)
(Fig. 3b). This behaviour is attributed to the variability of
the vegetation LW emission (see Sect. 2.4.6), which is cal-
culated based on the instantaneous local air temperature. For
instance, the spatial distribution of the received LW radiation
for all surfaces in the focus domain, not shown here, shows
that some surfaces receive slightly higher LW radiation flux
compared to other surfaces for this particular time. When the
local air temperature changes due to the model dynamics the
vegetation LW emission changes as well and the surfaces re-
ceive different reflected LW radiation accordingly.

4.1.8 Multiple reflections (RTM_08)

The received SW and LW radiation gained by increasing the
reflection steps from a single reflection to four reflections is
depicted in Fig. 15. During each reflection step, vegetation
absorbs part of the reflected radiation, similar to the previ-
ous processes (Sect. 2.4.8). The surfaces which have no mu-
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Figure 10. Changes in the received diffuse LW radiation flux within the focus domain of the simple urban configuration when considering
surface thermal emissions (RTM_04) compared to the RTM_03. Walls, roofs, and pavements are folded the same way as those in Fig. 6.
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Figure 11. Changes in the received LW irradiance within the fo-
cus domain of the simple urban configuration when considering
tree thermal emissions (RTM_05) compared to the RTM_04. Vi-
olin, mean, and median colours are used in the same way as those
in Fig. 5.

tual view to other surfaces, especially roof surfaces receive
no reflected SW radiation. Also, the change in the incom-
ing SW radiation from the RRTMG radiation model is not
large enough (Fig. 3a) to change their incident SW irradi-
ance. Nevertheless, these surfaces receive less LW radiation
since the incoming LW radiation from the RRTMG radiation
model is smaller compared to RTM_07 (Fig. 3b).
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It is important when performing multiple reflections to
monitor the residuals after each reflection step. That is to as-
sure that the absorbed radiation at the last reflection step is
small enough so that any further reflections can be ignored.
As a matter of fact, reflected radiation flux density has an
order of a for shortwave and (1 — )" for longwave radia-
tion. The SW and LW radiation residuals in the surfaces after
four reflection steps are small enough and the reflection pro-
cess can be safely terminated (figures are not shown to save
space).

4.2 Surface radiation flux for the realistic urban
configuration

Generally speaking, the changes in the surface radiation flux
of the realistic urban configuration when applying SPM show
similar behaviour to the simple urban configuration. How-
ever, due to the complexity of the building configurations
and the heterogeneity of the surface characteristics of the re-
alistic case, these changes are more complex. As a matter
of fact, the buildings of the simple configuration have the
same height; therefore, the differences of the radiation inci-
dent on the roofs result mainly from the RRTMG-RTM cou-
pling. Also, the trees are chosen so that they are shorter than
buildings, which may underestimate the their effect.

In this section, we show examples of the changes in the
radiation fluxes for the realistic case and we highlight the
differences compared to the simple case.

First, the incoming SW and LW radiation fluxes from the
RRTMG radiation model, shown in Fig. 16, vary more with
each SPM step as a result of RRTMG-RTM coupling than
in the simple case. In fact, both the effective urban charac-
teristics (albedo, emissivity, and temperature) and the atmo-
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Figure 12. Changes in the received LW radiation flux within the focus domain of the simple urban configuration when including vegetation
interaction with LW radiation (RTM_05) compared to RTM_04. Walls, roofs, and pavements are folded the same way as those in Fig. 6.
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Figure 13. Changes in the received SW and LW irradiance within the focus domain of the simple urban configuration when considering one
reflection (RTM_06) compared to RTM_05. Violin, mean, and median colours are used in the same way as those in Fig. 5.

spheric properties (i.e. air temperature, humidity, pressure,
etc.), which are the inputs to the RRTMG radiation model,
change more in the realistic case than the simple case. This
represents an implicit effect of the radiation parameterization
on the simulation of a realistic urban configuration.
Secondly, the magnitude of the changes in the radiation
fluxes due to considering a specific RTP is higher than the
changes in the simple urban configuration. This can be at-
tributed to the complexity of the urban configurations and its
surface characteristics. Also, the variability in the incoming
radiation from the RRTMG radiation model to the urban do-

Geosci. Model Dev., 15, 145-171, 2022

main contributes to these changes. For instance, including the
vegetation interaction with SW radiative transfer (RTM_03)
decreases the received SW radiation of the surfaces located in
the view of the vegetation (Fig. 17a). Since the vegetation in
the realistic configuration is heterogeneous and denser than
in the simple case, its effect is much higher (Fig. 18). Con-
sequently, the urban domain air cools down compared to the
previous RTM, and therefore the incoming LW radiation is
lower (Fig. 17b).

Thirdly, the effect of the RTPs related to the vegetation
interaction with LW radiation transfer is more pronounced
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Figure 14. Changes in the received SW radiation flux within the focus domain of the simple urban configuration when considering one
reflection (RTM_06) compared to RTM_05. Walls, roofs, and pavements are folded the same way as those in Fig. 6.
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Figure 15. Changes in the received SW and LW irradiance within the focus domain of the simple urban configuration when considering
multiple reflections (RTM_08) compared to RTM_07. Violin, mean, and median colours are used in the same way as those in Fig. 5.

and even more complex compared to the simple case. As de-
scribed in Sect. 2.4.6 and 2.4.8, the LW emission from vege-
tation is based on the leaves’ temperature which is set to the
surrounding air temperature. In such complex geometry, the
air temperature varies with the flow dynamics, especially in
simulations based on LES, and hence the vegetation thermal
emissions. Also, the absorbed LW radiation by vegetation is
directly released to the air which further modifies the temper-
ature field in the domain. These vegetation-related processes
implicitly modify the thermal emissions from urban surfaces
(walls, pavements, etc.) by modifying the surface tempera-
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ture of these surfaces. This in turn changes the received LW
radiation from surface thermal emission. Ultimately, the to-
tal received LW irradiance for a surface is the combination
between the received LW radiation from the sky and from
the surface thermal emissions after the partial absorption in
the vegetation boxes and the thermal emission from the veg-
etation boxes themselves. For example, Fig. 19 shows two
examples of the changes in the received LW radiation flux
for the realistic case. Figure 19a gives the changes in the re-
ceived LW radiation flux due to including the thermal emis-
sions from vegetation. Although most of the surfaces receive

Geosci. Model Dev., 15, 145-171, 2022
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Figure 17. Changes in the received SW and LW irradiance for the surfaces of the realistic urban configuration when considering vegetation
interaction with SW solar radiation (RTM_03). Violin, mean, and median colours are used in the same way as those in Fig. 5.

higher LW irradiance, due to vegetation emissions, some sur-
faces receive slightly less LW irradiance. For those surfaces,
the absorbed LW radiation in vegetation is higher than that
received from the vegetation thermal emissions. In Fig. 19b,
the changes in LW irradiance due to including multiple re-
flections are depicted. The variability in the temperature field
which drives the vegetation thermal emissions affects the to-
tal LW radiation flux received by each surface. The spacial
distributions of these changes are plotted in Fig. 20.

Geosci. Model Dev., 15, 145-171, 2022

4.3 Wind flow properties

The general effect of the thermally driven flow within the
UCL has been discussed in many previous studies (e.g. Qu
et al., 2012; Park et al., 2012; Xie et al., 2005). However,
we focus here on the dynamic and thermal flow properties’
response to the different combinations of RTPs rather than
addressing the radiation as a bulk process. We first show the
effect of RTPs on the average vertical profiles of the flow
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Figure 18. Changes in the received SW radiation flux for the realis-
tic urban configuration at 10:00 LST due to including the vegetation
interaction with the SW radiative transfer (RTM_03). The copyright
for the underlying satellite image is held by © GeoBasis-DE/BKG
2009, Google 2009.

properties and then we use the quantification measures de-
scribed in Sect. 3.3.2 to quantitatively monitor these effects.

Each parameterization step of SPM yields RTM, and
hence UCM, with varying combinations of radiative inter-
action processes (Sect. 2.4). The different RTM produce dif-
ferent radiation budgets for surfaces, as discussed in Sect. 4.1
and 4.2. The heated surfaces add buoyancy force to the flow
in addition to the inertial and the mechanical shear forces.
The interaction of these forces alters the structure of the recir-
culating flow within street canyons and above building roofs
generating different flow patterns. Presumably, this affects all
exchange processes within the urban boundary layer.

Since the flow in each simulation responds to different
combinations of RTPs, results are presented in a normal-
ized form. The average building height, H, is used as the
canopy height to characterize the length scale. The velocity
scale, Uy, is set to be the time-varying horizontally averaged
wind speed at the atmospheric boundary-layer depth of case
RTM_08 (the full RTM, Sect. 2.4.9). The horizontally av-
eraged potential temperature of RTM_08 at the same height
is utilized as a comparison temperature. Both the horizontal
wind speed (u, = (u? +v%)1/2) and the turbulent quantities
(turbulent kinetic energy, e, and vertical turbulent flux of po-
tential temperature, w’6’) are normalized using these charac-
teristic scales.
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4.3.1 Mean profiles

During the simulations, instantaneous flow properties such
as wind velocity components (u#, v, w) and potential tem-
perature (0) are calculated every time step. After the spin-up
time, the averaged values as well as the turbulent fluctua-
tions (as deviations from the averaged values) are calculated
every 3600 s of the simulated time. The quantities then are
horizontally averaged to create horizontally averaged verti-
cal profiles every 1h. These time-varying horizontally aver-
aged profiles of the flow components represent the changes of
these quantities during the diurnal cycle. Figures 21 and 22
show the vertical profiles of the normalized averaged wind
speed, the deviation of potential temperature from the near-
surface value, and the vertical turbulent flux of potential tem-
perature at 10:00 LST for the simple and the realistic urban
geometry, respectively. These flow properties are chosen to
represent the wind and scalar statistics.

Comparing the profile shapes and the vertical gradients re-
veal that the effect of radiation parameterization on the flow
is considerable below and above the street canyons. This is
even visible in the simple urban geometry, compared to the
realistic case where the horizontal surfaces are distributed at
many vertical levels. Three groups of profiles can be identi-
fied. The first group is related to the results based on RTM_00
to RTM_03. Basing the PALM only on these RTMs produces
high discrepancies in both the wind and the turbulence char-
acteristics compared to RTM_08. The second group includes
the profiles based on RTM_04 to RTM_06 which allow sur-
faces to receive LW irradiance from surfaces and vegetation
as well as reflected SW radiation from surfaces. These pa-
rameterizations enhance both the wind and the scalar profiles
and remarkably adjust the vertical profiles and hence repre-
sent the minimum parameterization of radiation interaction
in order to produce reasonable vertical profiles of flow prop-
erties. The third group includes the profiles based on the last
RTMs, i.e. RTM_07 and RTM_08. These parameterizations
have subtle effect on the profiles shape and merely serve to
fine tune the flow profiles. This finding is not surprising since
the change in surface radiation budget due to the additional
radiation interaction processes in these RTMs is low, com-
pared to those in the previous RTMs.

4.3.2 Quantitative analysis

The heterogeneity of surfaces with different radiation bud-
gets due to their orientation and surface characteristics cre-
ates local flow changes that are not visible in the flow profiles
discussed above. Each process ultimately initiates different
thermally induced forces which interact with both the shear
forces of the flow above the surfaces and the driving forces
induced by building corners, creating eddies yielding to the
complex three-dimensional flow field. This spatial variability
in the flow field arising from using different RTMs is quanti-
fied by calculating the root mean square of the relative error
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Figure 19. Changes in the received LW irradiance for the surfaces of the realistic urban configuration when considering (a) the vegetation
interaction with LW radiation (RTM_05) and (b) the multiple reflections (RTM_08). Violin, mean, and median colours are used in the same

way as those in Fig. 5.

Figure 20. Changes in the received LW radiation flux for the re-
alistic urban configuration at 12:00 LST due to including multiple
reflections (RTM_08). The copyright for the underlying satellite im-
age is held by © GeoBasis-DE/BKG 2009, Google 2009.

vector in the flow properties, nRMSEy,, Eq. (7) and the nor-
malized volumetric flow rate, Vj, Eq. (8), for each particular
SPM step, as discussed in Sect. 3.3.2.

For the relative error measures, the flow properties chosen
are the normalized horizontal and vertical wind speed and the
air potential temperature. According to these measures, suc-
cessive incorporation of RTPs results in reduction in nRMSE

Geosci. Model Dev., 15, 145-171, 2022

(Figs. 23 and 24), indicating improvement of solution qual-
ity. The results based on RTM_07 are close to the results of
RTM_08 throughout the day. For this RTM, nRMSE of hori-
zontal and vertical wind speed are negligible (less than 2 %)
in both the simple (Fig. 23a and b) and the realistic (Fig. 24a
and b) urban configurations. Also nRMSE values of the air
temperature are very small (Iess than 0.2 K). Accordingly, in-
cluding this RTP in the RTM seems to have a marginal effect
on the flow properties even in the realistic urban configura-
tions. The results based on RTM_04 to RTM_06 are of good
quality. For wind speed, nRMSE values are mostly less than
5 % for both urban configurations. Compared to the RTM_08
results, the variability in nRMSE values is not high through-
out the day, yet higher in the daytime (Figs. 23 and 24). On
the other hand, RTM_00 to RTM_03 produce low-quality
results, based on the calculated nRMSE (Fig. 23 and 24).
The discrepancies induced by omitting the processes cov-
ered in RTM_O1 to RTM_03 in the velocity field are high
and may essentially impact all velocity-related parameters,
such as wall shear stress and others.

For the normalized volumetric flow rate, VZ+ is calcu-
lated for a complete diurnal cycle at a horizontal plan set
at a height z/H = 0.5. The characteristic velocity is set to
the velocity scale U, at the corresponding time. Compar-
ing VZ+ for all cases clearly shows that including different
RTPs alters the air volume flow through the corresponding
plane (Fig. 25). It indicates that the rotation of air mass in
the streets has been changed as a result of the interaction
between the mechanically and the thermally induced forces.
The air mass rotation varies during the day as the thermally
induced forces change with time, and according to the RTM
used. The VZ+ results for both the simple (Fig. 25a) and
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Figure 21. Horizontal- and time-averaged (1h) vertical profiles of the simple urban configuration at 10:00 LST of (a) horizontal wind
speed (up) = (u2 + vz)l/ 2, (b) turbulent kinetic energy (e), (¢) normalized vertical potential temperature (9) deviation from the near-surface
potential temperature (fy), and (d) normalized vertical turbulent flux of potential temperature (w’6’). Each quantity is normalized by its
relevant combination of velocity (Uy), temperature (6;), and height scale (H). The reference velocity and temperature are the respective
values at 2H and the height scale is the building height.
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Figure 22. Horizontal- and time-averaged (1 h) vertical profiles of the realistic urban configuration at 10:00 LST of (a) horizontal wind
speed (up) = (u2 + vz)l/ 2, (b) turbulent kinetic energy (e), (¢) normalized vertical potential temperature (9) deviation from the near-surface
potential temperature (f), and (d) normalized vertical turbulent flux of potential temperature (w’6’). Each quantity is normalized by its
relevant combination of velocity (Uy), temperature (0;), and height scale (H). The reference velocity and temperature are the respective
values at 2H and the height scale is the mean building height.

https://doi.org/10.5194/gmd-15-145-2022 Geosci. Model Dev., 15, 145-171, 2022



164 M. H. Salim et al.: Importance of radiative transfer in UCMs

(@) (b)
025 | 1 -
02 | b 1
+ | H
o2t T 1
: : - 015 | ! : 1
5015 | ' | 1. :
w LT @
w w
2 Q H 2 :
01} : |
= o1} ; E 1+ H
0.05 - I;I - 4 005 =T 1
. ===] ol L B &
IO I—' I(\l o <+ IW I\C g .O IP‘ I(\l o I<f IW el Il\
=] (=] [=] j=3 j=1 j=1 [=] j=1 =] (=] j=] [=] [=] j=1 [=] j=1
= = = = = = = = = = = = = = = =
= = = = = = = = = = = = = =
~ ~ ~ ~ 7 ~ 24 ~ ~ ~ ~ ~ ~ ~ 24 o~
©
61 1
5t -
4 - -
=)
@
<
> 3t |
=
2t - 1
b - ]
ol = = = |

RTMOI L

a o
= o
= =
= =
-4 -4

RTM s |
RTM, ¢
RTM, t

RTM, |

Figure 23. Box plots of the error measure, nRMSE, for (a) the horizontal wind speed (U}, ) = (u2 + vz)l/ 2 (b) the vertical wind speed (w),
and (c) the air potential temperature (6) for the focus domain of the simple urban configuration. For each parameter, nRMSE is calculated

hourly for 1d (1 July) for each RTM configuration.

the realistic (Fig. 25b) urban configurations confirm the re-
sults of the relative error measures. The V; values based on
RTM_00 to RTM_03 are quite low compared to the those
based on RTM_08, while the VZ+ values based on RTM_04 to
RTM_06 are relatively close to the values based on RTM_08.
The effect of multiple reflections, i.e. RTM_07 on the VZ+
values, is quite small, compared to those of RTM_08.

Geosci. Model Dev., 15, 145-171, 2022

4.3.3 Overall effect

Based on the above discussion, the effect of using different
RTMs on the flow properties may be summarized as follows:

— In combination, our analysis confirms the hypothesis
that using different combinations of RTPs considerably
alters the flow properties (scalar and turbulence) within
the urban canopy layer.

— Each RTP affects the flow field differently, based on its
contribution to the surface radiation budget. Some pro-

https://doi.org/10.5194/gmd-15-145-2022
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Figure 24. Box plots of the normalized root mean square error, nRMSE, for (a) the horizontal wind speed (U, ) = W2 +v2)1/2 (b) the
normalized vertical wind speed (w), and (c) the air potential temperature (9) for the focus domain of the realistic urban configuration. For
each parameter, nRMSE is calculated hourly for 1d (1 July) for each RTM configuration.

cesses have primary effects on the flow, while other pro-
cesses have only secondary effects.

— Considering the SW interaction with buildings and veg-
etation (shadow casting) only in the RTM is not rec-
ommended, especially during the day, and may produce
high discrepancies in the flow properties and all its re-
lated parameters.

— The processes of buildings and vegetation interaction
with LW transfer, such as thermal emissions, are essen-

https://doi.org/10.5194/gmd-15-145-2022

tial in RTM to assure acceptable quality of the model

results.

— Including SW and LW radiation reflection process in
RTM affects the flow properties. It is important to in-
clude both SW and LW reflection in the RTM to produce

high-quality model results.

— The changes in the radiation budget of surfaces due
to considering vegetation interaction to reflected irra-
diance and/or multiple reflections in the RTM are not

Geosci. Model Dev., 15, 145-171, 2022
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Figure 25. The normalized volumetric flow rate for (a) the realistic

strong enough to create a considerable effect on the flow
properties.

— Generally, the effects of RTPs depend on the time of the
simulation. For example, processes related to the inter-
action with SW radiation obviously are only important
during the day.

— The change in the flow properties due to the sophistica-
tion of RTM is not limited to the flow between build-
ings, but its influence extends above street canyons.

4.4 Computational aspects

As pointed out in Sect. 1, computational resources, i.e. com-
putation time (CPU time) and memory space, may pose hard
constraints to include all RTPs into the RTM. The demand for
these resources may vary during the simulation, depending
on the design of the RTM. For instance, during the model ini-
tialization, the RTM needs a considerable amount of compu-
tational resources to perform the ray tracing to calculate the
geometrical fields related to the RTM, such as SVFs, SV, and
CSF. These fields are usually not fully aggregated or stored
in size-optimized arrays in the initialization phase. Also the
model needs other helping fields to calculate the main fields,
which are deallocated after the initialization. During the time
integration (time-stepping) phase, RTM uses less computa-
tional resources, compared to the initialization, because it
allocates only the required fields, and, since the geometry
is fixed, the geometrical fields are not recalculated. The re-
sources required for the restart and the post-processing de-
pend on the model steering and usually are not as demand-
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and (b) the simple urban configuration for all SPM steps.

ing as in the initialization phase. We limit the analysis of
the computational resources here to the time-stepping phase
because the other two parts are needed only once during
the simulation and may vary depending on the discretization
scheme and the ray-tracing algorithm.

Table 2 compares the essential computational resources
needed for the RTMs of the SPM. These RTMs can be di-
vided according to its computational resources demand into
two groups. The first group, RTM_00 to RTM_03, requires
low computational resources because these RTMs consider
only the RTPs related to the atmosphere—surface interaction.
The computational resources in these processes usually grow
in the order of the number of surfaces and plant canopy boxes
(first order), since there is no mutual interaction between the
surfaces and the plant canopy boxes. The second group, i.e.
RTM_04 to RTM_08, needs considerable amount of com-
putational resources since RTMs in this group additionally
account for the RTPs related to surface-to-surface radiative
interaction as well as vegetation interaction with LW radia-
tion. These processes, however, increase the computational
resources for a domain size n x n by an order of magnitude
o) or O3, depending on the discretization scheme.

As Table 2 shows, there is no additional memory demand
after the RTM_05 because all the essential fields are already
calculated. This suggests that, from the memory point of
view, it is recommended to use the full RTM, i.e. RTM_08
when all the RTPs of the RTM_O0S5 are, at least, needed be-
cause all other RTPs included in the RTM_08 come with
no further memory space demand. The table shows also that
there is a considerable steady increase in the CPU time start-
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Table 2. The computational resources requirement of the RTMs
used in the SPM for the realistic urban configuration. The CPU
time is given relative to the CPU time of RTM_08 (3422 min, ex-
cluding the initialization, restart, and post-processing phases). Note
that the RTM requires < 5 % of total runtime of the model run with
RTM_08. The memory space is given for the essential fields only.

RTM Relative CPU Memory

time (%) space (GB)
RTM_01 0.6 0.0
RTM_02 55 0.17
RTM_03 57 1.41
RTM_04 20.6 17.27
RTM_05 359 22.96
RTM_06 40.4 22.96
RTM_07 51.9 22.96
RTM_08 100 22.96

ing from RTM_04. This is due to the time needed for MPI
data exchange for each time step for the surface-to-surface
and plant-canopy-box-related RTPs. However, this may not
represent an issue for the whole model CPU time since the
CPU time demand for RTM is small for a well-designed and
optimized models (< 5 %). Nevertheless, the RTM may im-
plicitly increase the CPU time by modifying the turbulent
flow, due to the buoyancy force, which results in a decreased
time step.

4.5 Limitations and outlook

The generalizability of the results of this study is subject to
certain limitations. For instance, all the simulations were per-
formed on a typical urban scenario during a summer day with
clear-sky conditions. Neither clouds nor rain were considered
in this study. The effect of RTPs, especially those control-
ling SW radiation, will change for other than clear-sky con-
ditions. However, clear-sky conditions are usually used for
urban-specific applications. Since the study was based on the
model system of PALM, it was not possible to consider the
effect of absorption, emission, and scattering of radiation due
to air constituents (fog, pollutants, etc.). Also, all surfaces are
assumed to be Lambertian reflectors; therefore, directional
reflection is not considered. Another limitation is the depen-
dency of the results on the surface properties (albedo, emis-
sivity, roughness, and skin layer thermal conductivity) and
parameters of building and pavement materials (volumetric
heat capacity and thermal conductivity). Although we made
sure to use typical surface properties in the two urban con-
figurations, simulations for domains with different surface
properties may show different results.

The current study focuses on the flow changes within the
urban domain. A further study could assess the performance
of the RTMs using simulations with fixed meteorological
conditions. In this way, the secondary effect of each RTM
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caused by the variation of meteorological conditions will
be eliminated. This will keep the focus on the pure radia-
tive transfer processes. Further research could also be con-
ducted to determine the influence of using different radiation
transfer processes on the atmospheric boundary-layer-scale
structure and its impact on turbulent exchange at the canopy—
atmosphere interface. Further studies need to be carried out
in order to explore canopy exchange of scalars (e.g. pollutant
dispersion). These suggested studies would make use of the
output of the measurement campaign which was completed
in the first phase of the [UC?] project to evaluate the PALM
model and the TURBAN project (https://project-turban.eu/
news.html, last access: 27 December 2021) which provides
filed observations which should help to validate details of the
turbulent flow in the street canyons.

5 Conclusions

The purpose of the current study is to determine how much
detail should be included to parameterize the radiative trans-
fer in UCMs. A generic parameterization method is used to
quantify the effect of including the main RTPs into the RTM
of an UCM in a stepwise manner. These processes include
interaction of urban elements (buildings and trees) with both
the incoming SW radiation (e.g. shadow casting) and LW ra-
diation (e.g. thermal emission and absorption) as well as ra-
diation reflections among urban elements. The results show
that although these processes contribute differently to the sur-
face radiation budget, they are necessary to accurately esti-
mate the radiation budget of urban surfaces.

Although this study does not engage with validating the
RTM, it highlights the main major RTPs which greatly affect
the ultimate surface radiation budget. For instance, surface
interaction with the incoming SW and LW radiation from the
sky is greatly adjusted by calculating the proper SVFs, and
hence the received radiation from sky to surfaces is correctly
added to the radiation budget. Also, and as expected, the veg-
etation interaction with the incoming SW radiation from the
sky has a great effect on the surfaces located in their view
area. The radiation budget is greatly adjusted by estimating
the vegetation shadows due to vegetation. Additionally, re-
ceiving LW irradiance from urban surfaces constitutes a ma-
jor part of the received LW radiation budget. Similarly, the
vegetation interaction with LW irradiance process affects the
radiation budget of the surfaces located in their view by par-
tially absorbing the LW irradiance from the sky and emitting
LW irradiance from the biomass.

The study shows also that receiving irradiance from the
reflected radiation (SW and LW) provides considerable radi-
ation to the radiation budget of surfaces, especially to those
located in the shadow. Most of the received radiation from
reflections is received in the first reflection; however, multi-
ple reflections are still needed to reduce the residuals. It is
confirmed that using finite number of reflections is adequate
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to parameterize radiation reflections since radiation residu-
als decrease quickly with increasing the number of reflec-
tions. Nonetheless, the number of reflections should be cho-
sen based on the surface properties (albedo and emissivity).
Vegetation interaction with reflected irradiance has a minor
effect on the radiation budget.

The flow field properties (scalar and turbulent) react to
the type of the RTM used in the simulation. The flow field
is shaped by the interaction between the inertia, mechanical
shear, and buoyancy forces. The latter is mainly controlled by
the RTPs considered in the RTM. The study identified three
categories of RTMs, when compared to the full RTM 3.0, i.e.
RTM_08. The first category (RTM_00 to RTM_03) produces
low-quality model results. The second category (RTM_04 to
RTM_06) gives acceptable model results, based on the quan-
tification measures. Omission of any RTP in these RTMs may
lead to considerable uncertainties in the model predictions.
The third category (RTM_07) produces high-quality model
results. Generally, RTPs modify the vertical distribution of
turbulent momentum flux and control the exchange of mo-
mentum and scalars. As presented in Sect. 1, this is an es-
sential feature especially when designing/evaluating urban
climate application studies, such as pollutant dispersion and
outdoor comfort in urban areas.

The study highlights the implicit effect of each RTP on
the surface radiation budget and the flow field by altering the
incoming radiation fluxes from sky, due to the coupling of
the RTM with the radiation model.

Appendix A: List of abbreviations

LAD Leaf area density

LES Large eddy simulation

LW Longwave

MPI Message Passing Interface

PALM Parallelized Large-eddy
Simulation Model

RANS Reynolds-averaged Navier—Stokes equations

RRTMG Rapid Radiative Transfer Model for Global
models

RTM Radiative Transfer Model

RTP Radiative transfer process

SPM Stepwise parameterization method

SVF Sky-view factor

SW Shortwave

UCM Urban climate model

UCL Urban canopy layer

VF View factor
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Code availability. The PALM model system is distributed under
the GNU General Public License v3 (http://www.gnu.org/copyleft/
gpl.html, last access: 27 December 2021). The model source, docu-
mentation, user manual, and online tutorial are freely available and
can be downloaded from http://palm-model.org (last access: 27 De-
cember 2021). Version 6.0 of PALM, which is used for this study,
is available via https://doi.org/10.25835/0041607 (Maronga, 2019).
This version is based on the Apache Subversion (SVN) revision
no. r3668. The SPM is freely available upon a written request to
the corresponding author.

Data availability. The model output data that have been presented
in this paper as well as the model driver data are available via
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