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Abstract

Most radiative transfer models developed for the analysis of urban configurations consider a transparent
urban atmosphere and gray sky conditions. The aim of the present work is to investigate these assumptions,
focusing on the longwave domain. For this purpose, reference Line-by-Line Monte-Carlo calculations are
first performed. A more efficient radiative transfer model based on the Finite Volume Method and SLW
modeling is also developed to treat several street canyon configurations. The aspect ratio of the street
canyon, a parameter frequently encountered in urban scenarios, is considered for the analysis. It is shown
that, in most cases, real urban problems need to take into account a non-gray participating atmosphere
within the streets, together with its spectral coupling with the non-gray sky downward radiation, to provide
accurate net fluxes on urban surfaces and volumetric radiative powers in the urban atmosphere.

Keywords: Radiative transfer, Urban environment, Street canyon, Participating medium, Monte-Carlo,
SLW model, Finite volume method

1. Introduction

Urban areas are characterized by artificial surfaces and differ from rural areas in their structure, fabric,
cover and metabolism. These urban features involve specific and complex thermo-physical interactions [1].
At microscale, the variability and heterogeneity of urban forms lead to the existence of a multitude of
local microclimatic conditions that develop within the urban canopy layer, most of the time responsible for
overheating compared to rural environments [2, 3, 4, 5]. Given that these effects will be increasingly critical
in the next decades due to more frequent and intense heat waves [6], the so-called and well-known Urban
Heat Island phenomenon is gaining more and more attention. Indeed, it has serious impacts on the citizen’s
comfort and health [7, 8] and on the cooling energy demand of buildings [9], especially in summer.

Solar radiation (shortwave spectral range) and infrared radiation (longwave spectral range) play a sig-
nificant role in the overall energy balance in urban zones and the resulting urban microclimates [10]. In
this context, detailed and reliable radiative simulations in urban environments are needed to better evaluate
adaptation strategies for cities [11, 12]. More specifically, longwave radiation is partly responsible for the
cooling of urban surfaces during nighttime and can even become the main factor affecting their heat balance
under low wind conditions. During hot periods, an accurate estimation of longwave radiation is therefore
of primary importance to suggest relevant heat attenuation strategies for urban areas. At a larger scale,
radiative exchanges between urban surfaces and the atmosphere significantly impact the regional climate
and, consequently, need to be estimated accurately in mesoscale weather and climate models [13].

The impact of urban morphology, fraction of vegetation or longwave radiative properties of the building
materials on the longwave radiative budget of the urban canopy layer and their role in favoring urban
overheating have been widely studied (see e.g. Ref. [5] for an extended review). However, the impact
of the interactions between longwave radiation and the participating urban atmosphere has been assessed
only sparsely. To the best of the authors’ knowledge, to date, most of the radiative models that have
been developed for studying radiative transfer in urban areas almost systematically consider the urban
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atmosphere as transparent. Nevertheless, some works have emphasized the need to better characterize
the effects of longwave absorption in urban contexts, since they can be significant. Verseghy and Munro
[14] investigated numerically the influence of the participating atmosphere within a building courtyard.
Neglecting the absorption and emission by the air colder than the walls resulted in overestimating the
incident longwave flux by up to 10 W.m−2 on the building walls for clear-sky conditions. Hogan [15]
performed longwave simulations in an urban canopy layer with a mean wall-to-wall distance of 50 m under
Mid-Latitude Summer conditions using a discrete-ordinate method coupled with a statistical description of
the urban geometry capable of explicitly representing gaseous absorption and emission of the atmosphere
within the canopy layer. When the walls and ground facets are 10 °C hotter than the air, results showed
that for a mean building height going from 10 to 50 m, taking the absorption by the urban atmosphere
into account results in a decrease in the mean absorbed flux by the vertical walls that ranges from 5.7 to
44.0 W.m−2 compared to the case where the urban atmosphere is assumed transparent. On the basis of
radiative simulations carried out with a Monte-Carlo-based urban radiative solver in explicit and realistic
urban scenes, Schoetter et al. [16] also highlighted the strong impact of the interactions between longwave
radiation and clear air in the urban canopy layer on the urban radiative budget, especially for urban zones
with tall buildings and large differences between skin surface temperatures and air temperature. Thermo-
radiative conditions at the microscale in an urban block formed by several buildings with realistic shapes
were studied numerically by Wang [17] during a period of five consecutive days. A significant impact of
the interactions between the longwave radiation and the air was noticed in the scene on the net wall fluxes
and the time evolution of the surface temperatures compared to cases for which these interactions were
neglected. However, the author drew attention to the fact that a proper and rigorous spectral treatment of
the boundary conditions at the sky boundary should be carried out, otherwise significant errors could be
made on the computed radiative quantities.

From an aeraulic perspective, with a light ambient wind, the airflow structures and turbulent features
can be significantly influenced by buoyancy forces driven by temperature gradients between building walls
and urban atmosphere. The radiative volumetric power generated by the interactions between longwave
radiation and this atmosphere can therefore potentially affect the airflow within the streets, in a similar
way to what has been observed in e.g. differentially heated cavities for turbulent flows of participating gas
mixtures [18, 19, 20].

The purpose of the present paper is thus to investigate further the errors on the radiative fluxes and
volumetric powers that can be made when considering a transparent atmosphere within a street canyon.
This is achieved by analyzing the influence of the high spectral resolution coupling between the non-gray
longwave radiation coming from the sky and the non-gray absorption by the atmosphere within the urban
canopy layer. Additionally, this work aims to provide an approximate model associated with an efficient
solver to accurately account for spectral interactions between the participating urban atmosphere and the
sky boundary conditions. The proposed approach is used to evaluate the impact of these errors on the global
heat exchanges between surfaces and their surrounding environment, impacting their cooling rate.

The paper is structured as follows. In Section 2, a Monte-Carlo code is used to achieve line-by-line
calculations and evaluate the radiative net fluxes and volumetric powers in a given street canyon configura-
tion. The discrepancies induced by gray or non-gray sky models and by transparent or participating urban
atmospheres are discussed in detail. Then, in Section 3, an approximate method based on the Finite Volume
Method and on SLW modeling is proposed to treat similar configurations in a more computationally efficient
way. Finally, in Section 4, the numerical method described in Section 3 is applied for a quantitative analysis
of the errors associated with a transparent atmosphere assumption, for various street aspect ratios.

2. Overall impact of atmospheric absorption/emission on longwave radiation in a street canyon

2.1. Description of the considered street canyon

The longwave radiative simulations are carried out in a standard two-dimensional street canyon config-
uration, as depicted in Figure 1. This street (infinite in the y direction) has a height H of 21 m and a
width W of 14 m (i.e. an aspect ratio H/W of 1.5), thus representative of a compact mid-rise urban setting

2



[3]. Both the walls and the ground are assumed to be gray with an emissivity ϵA = ϵB = ϵg of 0.9, and
isotropically emitting in the longwave range. The temperatures of the walls A and B and the ground are
TA = 25 °C, TB = 35 °C and Tg = 25 °C respectively.

Two sky boundary condition models are considered, defining the boundary condition at the interface
between the street canyon and the atmosphere located at the top of the street canyon. The first one, from
now on referred to as gray sky, treats the sky as a gray and isotropic surface, as usually assumed in radiative
transfer models in urban configurations. For the second sky model, from now on referred to as spectral sky,
a line-by-line (LBL) spectrum has been generated using the HITRAN2020 molecular spectroscopic database
[21] to model the downward longwave spectral intensities coming from the sky at the top of the street canyon,
noted Iη↓,sky, assuming a standard Mid-Latitude Summer (MLS) atmosphere [22]. The MLS profiles give
the temperature, pressure and mole fractions of water vapor, CO2, O3, N2O, CO, CH4 and O2 at different
altitudes. This LBL spectrum has been calculated at a spectral resolution of 5 × 10−3 cm−1 and using
Voigt line profiles. Scattering phenomena and aerosols have been neglected in these LBL calculations. For
propagation directions close to the horizon, the total optical thickness of terrestrial atmosphere becomes
important, so that the spectral emission is more important at wavenumbers where the atmosphere is usually
weakly emitting (mainly in the atmospheric window between 750 cm−1 and 1250 cm−1). Consequently, the
downward intensity spectrum depends on the incident angle, especially for angles higher than 60° under
clear sky conditions. A field measurement campaign in Anglet (France) has revealed that the assumption of
isotropic downward longwave intensities implied an underestimation of 11 W.m−2 of the modeled irradiance
on a non-obstructed vertical North-facing wall with a clear sky compared to the measured irradiance during
daytime (163 W.m−2) [23], which corresponds to a relative difference of -6.8 %. This underestimation
is expected to be lower on a horizontal surface. In the case of urban environments, the impact of the
isotropic sky approximation is attenuated by the obstruction of the sky by buildings, especially in dense
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Figure 1: Configuration and size of the street canyon, infinitely long in the y direction. The gray emissivities ε and temperatures
T of each wall are specified, along with the temperature of the urban atmosphere and the value of the downward longwave flux
coming from the sky ϕ↓,sky.
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urban areas where the sky-view-factors of surfaces are lower. The errors induced by this assumption will
therefore be essentially localized on the upper part of vertical building facades. For the remainder of this
study, the downward spectral intensity Iη↓,sky will therefore be considered uniform in all directions as a
first approximation, its value being taken as an angular average of the directional intensities. The resulting
spectrum of the sky downward isotropic intensity is depicted in Figure 2a. The value of the corresponding
total downward flux (integrated over the entire longwave range) is ϕ↓,sky = 310 W.m−2. For comparison
purposes, this integrated value is also taken for the gray sky model, leading to an effective emissivity of 0.73
for a temperature of 21 °C.

The state of the urban atmosphere within the street canyon is identical to the state specified in the
MLS profiles at the ground level. This urban atmosphere is assumed to be composed of clear air only
and is called from now on urban air. In particular, aerosols and scattering phenomena inside the street
canyon have been neglected. Its temperature, pressure and species mole fractions, uniform within the street
canyon, are: Tair = 21 °C, p = 1 atm, xH2O = 1.88 %, xCO2 = 417 ppm, xO3 = 0.03 ppm, xN2O = 0.32 ppm,
xCH4

= 1.7 ppm, xCO = 0.15 ppm and xO2
= 20.9 %. In the same way as the sky downward intensity, a LBL

absorption spectrum has been produced for the urban air. This spectrum is depicted in Figure 2b. It can
be seen from Figure 2b that the urban air can hardly be considered transparent, except in the atmospheric
transparency zone (window from 750 cm−1 to 1250 cm−1), clearly visible in Figure 2a.

Three different cases, corresponding to different treatments of the spectral attributes of the urban air
and the sky downward intensities, are considered:

• Case 1 : a transparent urban air combined with the gray sky model (the most widely used assumptions
for studying urban configurations);

• Case 2 : a non-gray participating urban air combined with the gray sky model;

• Case 3 : a non-gray participating urban air combined with the spectral sky model.

It can be noticed that for Case 1, using either the gray sky or the spectral sky model is strictly equivalent,
since the urban air is transparent, the total sky fluxes are identical and the walls and the ground are assumed
as gray.

2.2. Effects of the different models on the surface fluxes

In this section, the radiative transfer equation is solved in the street canyon using a standard backward
Monte-Carlo (MC) algorithm. For the spectral integration, wavenumbers are randomly sampled according to
Planck’s distribution at the maximum temperature encountered in the considered configuration, i.e. 35 °C.
At each location, where the net fluxes on the walls or the volumetric radiative powers in the urban air are
evaluated, a full MC simulation using 108 realizations has been performed.

In the following sections, the net flux on a wall, noted Φw with subscript ”w” referring either to wall
A (subscript ”A”), wall B (subscript ”B”) or the ground (subscript ”g”), are defined as the absorbed flux
minus the emitted flux:

Φw = ϵw
(
Ew − σT 4

w

)
(1)

In Equation 1, the irradiance Ew, i.e. the flux received by the wall, is solved by the radiative solver.
The net flux on the sky boundary, noted Φsky, is defined as the flux leaving the street (noted Φ↑,sky)

minus that entering it (corresponding to the total downward flux Φ↓,sky presented in the previous section):

Φsky = Φ↑,sky − Φ↓,sky (2)

In Equation 2, Φ↑,sky is solved by the radiative solver.
The net fluxes computed with the MC-LBL solver for each case, at several locations on the four boundaries

(walls A and B, ground and sky), are depicted in Figure 3. As each calculation accounts for 108 independent
MC samples, standard deviations are negligible (in the order of 10−2 W.m−2) and are thus not depicted
on the figure. It can be seen that the three different cases lead to significant differences in net fluxes (up
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Figure 2: Spectra of the sky downward isotropic intensity Iη↓,sky and of the absorption coefficient at the ground level (generated
with MLS atmospheric profiles). The spectra are smoothed by a sliding median with a window of 5 cm−1.
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Figure 4: Spectra of the downward vertical intensity in the canyon at the ground level for the three considered cases. The
spectra are smoothed by a sliding median with a window of 10 cm−1. Case 1: Transparent - Gray sky, Case 2: Participating -
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to 12 W.m−2). To illustrate the reasons for these discrepancies, Figure 4 shows the spectral distribution of
the downward intensity at the ground level in a vertical direction (ensuring that the incoming radiation is
not intercepted by the walls) for the three cases. In the transparent case (Case 1), the spectral distribution
of the sky boundary condition is obviously preserved during the propagation of radiation in the urban air:
the downward intensity spectra at the top and bottom of the street canyon are identical. The same applies
to Case 3 with the participating urban air and the spectral sky. The continuity of the thermo-radiative
properties between the MLS atmosphere - that led to the sky downward intensity spectrum - and those
of the urban air within the street ensures that, over a distance of a few dozen meters (short compared
to the characteristic dimensions of the atmosphere), the intensity spectrum will be almost unaltered. In
other words, the absorption by the urban air almost totally compensates for its emission. However, in Case
2 (participating urban air and gray sky), the incoming gray radiation located in the atmospheric window[
750 cm−1 − 1250 cm−1

]
undergoes no change as it propagates through the urban air, since the absorptivity

of the air in this region is virtually zero. In addition, a volumetric emission surplus is contributed by the
urban air in the most participating spectral regions (below 750 cm−1 and above 1250 cm−1) as radiation
propagates in the urban air, because the incoming gray intensities have been underestimated in this region to
ensure a given total flux of 310 W.m−2. This is why, as radiation propagates vertically, the intensity values
increase in this spectral band and the shape of the spectrum approaches the shape of the spectrum obtained
with the atmospheric transfer model, while in the atmospheric window the intensity remains unchanged.
Consequently, the spectral discontinuity at the sky interface due to the gray sky modeling induces an
overestimation of the total downward intensities, resulting in an overestimation of the net fluxes on each
wall for Case 2 compared to Case 3 as can be seen in Figure 3. Moreover, these differences are higher at
the wall locations presenting higher sky-view-factors, i.e. in the upper part of the walls A and B and in the
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central zone of the ground as evidenced in Figure 3.
These results lead to two main conclusions: 1/ it is important to take into account the participating

nature of the urban air in the street canyon: significant differences were observed between the transparent
(Case 1) and the participating with spectral sky (Case 3) models. These absolute differences - averaged over
each boundary - are respectively of 11.3 W.m−2 for the wall A, 4.5 W.m−2 for the wall B, 7.2 W.m−2 for
the ground and 10.2 W.m−2 for the sky, when comparing Case 3 to Case 1. The impact of such deviations
on the heat balance of these surfaces is not negligible, as will be shown in Section 4. These differences are
expected to increase when the temperature differences between the canyon surfaces and the air increase,
because of an enhanced longwave attenuation of gray surface radiation within the urban air. Consequently,
usual urban radiative models, that treat the urban atmosphere as transparent, are likely to give incorrect
longwave fluxes on urban surfaces when temperature gradients within the canopy are significant; 2/ taking
into account the participating nature of the urban air implies defining sky boundary conditions that are
spectrally described and ensuring the continuity of the thermo-radiative properties between the urban air
and the atmospheric emission modeling. As shown in Figure 3, the assumption of a gray sky associated with
a participating urban air leads indeed to a significant overestimation of the net fluxes.

2.3. Effects of the different models on the volumetric radiative powers

In the following sections, the volumetric radiative power in the urban air, noted Pair, is defined as the
longwave power absorbed minus the longwave power emitted by the urban air, and corresponds to the
opposite of the divergence of the radiative flux vector in the urban air (∇ · qr) which is solved by the
radiative solver:

Pair = −∇ · qr (3)

The volumetric radiative power fields calculated with the MC-LBL algorithm are shown in Figure 5 for
Cases 2 and 3, where the urban air is participating. These powers are null for Case 1 with a transparent
urban air. In both cases, the volumetric radiative power is low at the center of the street canyon, with
values below 1 W.m−3. It can also be observed that the main effects of the longwave radiation absorption
on the energy budget of the urban air is highly localized. The absorption of the radiation emitted by the
walls occurs mainly in the first few meters traveled within the urban air, where volumetric radiative powers
can reach 10 W.m−3 near the hottest wall (wall B). These localized heat sources within the urban air may
have some effects on air convection and temperature.

As previously discussed, one can also note that in Case 3 (with a participating urban air and the spectral
sky, Figure 5b), the volumetric radiative power shows no discontinuity near the sky boundary, in line with
the continuous spectral coupling associated with the spectral processing of the sky. In Case 2. With a
participating urban air and the gray sky, Figure 5a), a strong discontinuity in the volumetric radiative
power is visible near the sky boundary, with values as high as -16 W.m−3 linked to the enhancement of the
incoming downward sky intensities as discussed in the previous section, i.e. the longwave emission by the
urban air locally greater than the absorption. As can be seen on Figure 5c, this discontinuity in Case 2
induces negative differences in the canyon compared to Case 3. These differences are particularly strong in
a zone near the sky boundary and attenuate deeper in the canyon, approaching zero in the lower part.

3. Description of an efficient approximate radiative transfer model

In operational situations, the MC-LBL method described in the previous sections may not be recom-
mended for coupled simulations due to its high CPU cost. The aim of the present section is thus to develop
a faster though accurate model for handling this type of simulations.

3.1. Modeling the radiative properties of the urban air and the sky

As shown in Section 2, the main difficulty in dealing with radiative transfer in the urban canopy layer
consists of the proper treatment of the relationships, that occur at high spectral resolution, between the
non-gray sky downward radiation and the urban air located inside the street canyon. There exist several
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methods to treat radiative transfer in gaseous media. The most widely spread methods are presently the
Weighted-Sum-of-Gray-Gases (WSGG) [24, 25], Full-spectrum k-distribution (FSK) [26, 27] and Spectral
Line Weighted-sum-of-gray-gases (SLW) [28, 29, 30, 31, 32, 33] approaches. Here, the SLW model was
selected. In order to formulate a global absorption method allowing this kind of treatment, let us consider a
radiation path that comes from the sky and propagates in a downward direction (the corresponding source

term is written Sν). Its integral over the full spectrum is S =
∫ +∞
0

Sν dν. When this radiation travels a
distance L inside the urban air where the corresponding absorption coefficient is κν , the amount of radiation
absorbed by the urban air can be written in terms of an effective absorptivity αeff defined as:

αeff =
1

S
·
∫ +∞

0

(
1− e−κνL

)
Sν dν (4)

Equation 4 was approximated in the present work by:
1/ generating a discrete set (gray gases) of values of absorption coefficients in the urban air using the

Absorption Line Blackbody Distribution Function (ALBDF) defined at the air temperature, pressure and
species mole fraction inside the street canyon, together with a Gauss-Legendre quadrature. The correspond-
ing values of the urban air absorption coefficients are then kairi , i = 1, · · · , N where N is the order of the
Gauss-Legendre quadrature (kair0 is taken equal to 0). Supplemental values of the absorption coefficients,
k̃airi , i = 0, · · · , N , are also generated in the same way as in SLW models [34, 35].
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2/ using the previous sets of absorption coefficients to approximate Equation 4 as:

αeff =

N∑

i=0

(
1− e−kair

i L
)
·
[
F
(
k̃airi

)
− F

(
k̃airi−1

)]
(5)

where

F (k) =
1

S
·
∫ +∞

0

H (k − κν)Sν dν (6)

and H is the Heaviside function. F thus represents the fraction of the source term Sν averaged over the set
of wavenumbers where the absorption coefficient of the urban air takes a value lower than k. F plays the
same role as a usual ALBDF, but is defined in terms of the source term Sν instead of the more usual Planck’s
distribution Ib,ν at a given source temperature. In the literature [36, 37], functions of the type of F as given
by Equation 6 are referred to as Absorption Line Distribution Functions (ALDF). As Sν is strictly positive, as
shown in Figure 2a, one can easily verify that Equation 6 defines a proper distribution function of absorption

coefficients [38]. The difference F
(
k̃airi

)
−F

(
k̃airi−1

)
that appears in Equation 5 thus represents the fraction

of the source term Sν averaged over the set of wavenumbers where the absorption coefficient of the urban

air is close to kairi . F
(
k̃airi

)
− F

(
k̃airi−1

)
allows defining the weights needed to specify the sky boundary

conditions. The weights at the walls are defined in terms of the differences F
(
k̃airi , Tw

)
− F

(
k̃airi−1, Tw

)

where

F (k, Tw) =
1

Ib
(
Tw)

)
∫ +∞

0

H(k − κν)Ib,ν(Tw) dν (7)

are usual ALBDFs at the wall temperature Tw (either TA, TB or Tg). This formalism complies with the
method used in SLW modeling [34]. Consequently, this radiative absorption model is from now on referred
to as SLW model, even if it is formulated in k-form.

3.2. Resolution of the radiative transfer equation with the finite volume method

A finite volume method (FVM)-based radiative solver [39, 40], much faster than the MCmethod described
in Section 2 with regard to chosen parameters and implementations, was developed and associated with the
SLW model to perform the radiative transfer calculations. A uniform Cartesian spatial mesh along with
a first-order forward spatial differencing scheme (also called step scheme) and the so-called FTn angular
discretization scheme [41] were used. A preliminary sensitivity analysis has been carried out to select
suitable spatial and angular meshes for the FVM in the street canyon configuration with transparent urban
air (Case 1). Excellent agreement with the MC results has been obtained for a 0.25 m uniform spatial mesh
combined with 3248 control angles, based on comparisons of the net wall fluxes. This mesh has thus been
selected for all the subsequent simulations. Moreover, a sensitivity analysis on the number of gray gases of
the SLW method has been carried out using respectively 5, 10 and 15 gray gases (including a clear gas).
Tables 1 and 2 gather the mean absolute errors (MAE) and the root-mean-square errors (RMSE) on the net
fluxes and on the volumetric radiative powers respectively, in comparison to MC-LBL results. These errors
have been evaluated for equally spaced locations with a 0.25 m spatial step on every boundaries for the net
fluxes and in the canyon air for the volumetric radiative powers. Concerning the net fluxes (Table 1), the
errors are small in comparison with their values on the boundaries (see Figure 3), and do not vary when
the number of gray gases increases from 5 to 15. Concerning the volumetric radiative powers (Table 2),
the MAE and RMSE are equal to 0.10 W.m−3 and 0.24 W.m−3 respectively with 10 gray gases, against
0.16 W.m−3 and 0.27 W.m−3 respectively with 5 gray gases, which represents a noticeable enhancement
in light of the order of magnitude of these powers within the air in the street (below 10 W.m−3 as seen in
Section 2.3). Because using 15 gray gases instead of 10 does not allow to significantly reduce these errors,
10 gray gases were used for the subsequent simulations.

Figure 6 shows the deviations of the net fluxes computed by the FVM-SLW solver with 10 gray gases
from those computed with the MC-LBL solver, for the three cases defined in Section 2.1. According to
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Table 1: Mean absolute errors (MAE) and root-mean-square errors (RMSE) on the net fluxes for different numbers of gray
gases, evaluated by comparing the results obtained with the FVM-SLW solver to those obtained with the MC-LBL solver on
each wall, the ground and the sky boundary.

Number of gray gases
MAE RMSE[
W.m−2

] [
W.m−2

]
5 0.36 0.46
10 0.35 0.45
15 0.35 0.46

Table 2: Mean absolute errors (MAE) and root-mean-square errors (RMSE) on the volumetric radiative powers for different
numbers of gray gases, evaluated by comparing the results obtained with the FVM-SLW solver to those obtained with the
MC-LBL solver in the street canyon.

Number of gray gases
MAE RMSE[
W.m−3

] [
W.m−3

]
5 0.16 0.27
10 0.10 0.24
15 0.10 0.22

this figure, the deviations are negligible everywhere except on the top half of the walls A and B and at the
center of the ground (where, however, they do not exceed 1 W.m−2). Thus, the FVM-SLW method with
the proposed discretization features is able to simulate accurately the longwave net fluxes on the canyon
surfaces along with the volumetric radiative powers in the urban air (not shown on the figure), whatever the
situation treated (gray or spectral sky with non-gray participating urban air). Therefore, the sky boundary
condition constructed with the help of the ALBDF of Equation 6 allows representing correctly the spectral
coupling between the sky downward radiation and the urban air. Moreover, on each boundary, the spatial
pattern of the deviations from MC-LBL results is the same whatever the case treated, so that the differences
between cases can still be assessed accurately with the FVM-SLW results, the deviations compensating each
other.

4. Errors on the heat fluxes in the street canyon associated to the assumption of a transparent
urban air

It is well known that the street geometry has a significant impact on radiative transfer and the thermal
behavior of urban areas [4, 5]. Therefore, using the FVM-SLW model described in Section 3, a range of
canyon geometries was studied with the aim of evaluating the errors made on the surface heat fluxes in
the street canyon for rather open to compact urban zones, when assuming a transparent urban air. The
parameter linked to the canyon geometry studied is the aspect ratio (H/W ) of the canyon. The height H
of the building is kept constant (i.e. 21 m) while the width W of the street canyon is adjusted to reach a
given H/W ratio. In this section, the mean difference in the net longwave flux on each wall, noted ∆Φw, is
evaluated by comparing the mean flux obtained in the usual transparent case (Case 1) to the one obtained
from the case with participating air and spectral sky (Case 3), taken as the reference case:

∆Φw = Φw,trans − Φw,ref (8)

where subscript ”trans” refers to the transparent case (Case 1) and subscript ”ref” refers to the reference
case (Case 3), and the spatial average of the net fluxes on each wall are considered.

Table 3 summarizes these differences for the street canyon walls, obtained for H/W ratios of 0.75 (rather
open urban zone), 1.5 and 2.4 (compact urban zone). The differences in the net longwave fluxes averaged over
each wall increase as the canyon aspect ratio increases. Fluxes absorbed at the walls are 4.0 to 9.2 W.m−2

greater for H/W = 0.75 when the urban air is considered transparent, compared with 4.6 to 11.9 W.m−2

greater for H/W = 2.4. This can be explained by the fact that the canyon walls have larger sky-view-factors
as W increases (and therefore as H/W decreases), receiving in addition a larger share of the flux coming
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from the sky and entering through the top of the street (which is unaltered in the urban air) and a smaller
share of the flux emitted by the other walls, which limits the impact of the attenuation of these fluxes
between the walls. Since most of the attenuation of the radiation from the walls to the other canyon walls
takes place over a short distance, the effect of the additional attenuation of this radiation as W increases
remains limited compared to the effect of the sky-view-factor. As a result, the differences in the net fluxes
tend to diminish as W increases.

Differences are the highest on the coldest faces, i.e. the ground and the wall A. Yet, these discrepancies
may appear small if no information on the other heat exchange phenomena taking place in the street canyon
and their order of magnitude is provided. Consequently, in order to get a better picture of the impact that
these differences have on the global heat balance of the walls, and thus on their cooling potential, a simple
though realistic convection model was used. The convective heat flux on each wall, noted Cw, is modeled
using a global value of the convective heat transfer coefficient hc:

Cw = hc(Tair − Tw) (9)

The mean total heat flux on each wall is then computed by summing the contributions of the mean net
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Figure 6: Deviations of the net longwave fluxes calculated by the FVM-SLW solver from those calculated by the MC-LBL
solver, on the street canyon walls and at the sky boundary for the three selected cases. The x-axis represents the vertical
location for the walls A and B (6a and 6b) and the horizontal location for the ground (6c) and the sky (6d), as defined on
Figure 1. Case 1: Transparent - Gray sky, Case 2: Participating - Gray sky, Case 3: Participating - Spectral sky.
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Table 3: Differences in the mean net longwave fluxes and in the mean total heat fluxes on each wall of the canyon as a function
of the H/W ratio, evaluated by comparing the results obtained in the transparent case (Case 1) with those obtained in the
participating case (Case 3, taken as the reference results).

Surface H/W
LW Net Flux

Total Heat Flux (LW Net + Convective)
hc = 5 W.m−2.K−1 hc = 20 W.m−2.K−1

∆Φw Ref. Value
δw

Ref. Value
δw[

W.m−2
] [

W.m−2
] [

W.m−2
]

Ground
0.75 +5.5 -76.6 7.2 % -135.9 4.1 %
1.5 +7.2 -48.1 14.9 % -107.4 6.7 %
2.4 +7.8 -33.5 23.4 % -92.7 8.4 %

Wall A
0.75 +9.2 -56.2 16.4 % -115.4 8.0 %
1.5 +11.3 -34.2 33.0 % -93.5 12.1 %
2.4 +11.9 -20.2 59.0 % -79.4 15.0 %

Wall B
0.75 +4.0 -174.4 2.3 % -383.7 1.1 %
1.5 +4.5 -160.4 2.8 % -369.7 1.2 %
2.4 +4.6 -151.6 3.1 % -360.8 1.3 %

longwave flux and the convective heat flux. The mean relative difference in the total heat flux on each wall
(noted δw), associated with the assumption of transparent urban air, is computed by dividing the difference
in the net longwave flux by the absolute value of the total heat flux in the reference (participating) case:

δw =
∆Φw

Φw,ref + Cw

(10)

Table 3 gathers these relative differences for each wall. By setting hc to a value of 5 W.m−2.K−1,
representative of weak wind conditions (with natural convection predominating), the relative difference in
the total heat fluxes increases with the aspect ratio H/W and can reach significant values, such as 59 % on
the wall A for H/W = 2.4. In other words, neglecting the interactions between longwave radiation and the
urban air in the street canyon can lead to an underestimation of the cooling rate of the coldest wall by 59 %.
For this relatively large aspect ratio, the order of magnitude of the net longwave flux becomes small, so
that with limited convective transfer, even a slight difference in the net longwave flux can significantly affect
the surface heat balance of the wall. If hc is fixed at a value of 20 W.m−2.K−1, corresponding to a more
intense airflow in the canyon, the relative differences diminish considerably as the convective flux becomes
dominant. However, they remain significant, on the order of 4 %−15 % on the wall A and the ground.

Regarding the sky boundary, the mean difference in the net longwave flux, noted ∆Φsky, and the mean
relative difference, noted δsky, associated with the assumption of transparent urban air are:

∆Φsky = Φsky,trans − Φsky,ref (11)

δsky =
∆Φsky

Φsky,ref

(12)

These differences are grouped in Table 4. With differences in the mean leaving flux of around +10 W.m−2

for the three aspect ratios, the relative difference in the net fluxes reaches around 7 %. Thus, neglecting
the interactions between longwave radiation and the urban air in the street canyon can also lead to an
overestimation of the longwave balance of the street canyon by 7 %. This difference may seem small, but
is still significant enough not to be overlooked, especially in situations where the cooling of urban zones by
longwave radiation is predominant, for example during nighttime when the wind is low.

5. Conclusion

The objective of the present work was to investigate the impact of some assumptions widely used in
radiative transfer studies in urban configurations (transparent urban air and gray sky boundary conditions)
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Table 4: Differences in the mean net longwave fluxes at the sky boundary (z/H = 1) as a function of the H/W ratio, evaluated
by comparing the results obtained in the transparent case (Case 1) with those obtained in the participating case (Case 3, taken
as the reference results).

H/W
∆Φsky Ref. Value

δsky[
W.m−2

] [
W.m−2

]
0.75 +9.8 +137.4 7.1 %
1.5 +10.2 +145.0 7.1 %
2.4 +10.3 +153.2 6.7 %

on the calculation of surface net longwave fluxes and volumetric radiative powers. A preliminary study based
on Monte-Carlo Line-by-Line simulations has shown the importance of taking into account the participating
character of the air present in the urban canopy layer to avoid overestimation of net fluxes. It has also
highlighted that a spectral description of the properties of urban air implies defining spectrally the radiative
boundary conditions of the sky in line with the thermo-radiative properties of urban air to account for the
strong spectral coupling between downward sky intensity and air absorption.

A faster, though accurate, radiative transfer simulation tool based on the Finite Volume Method and on
a full spectrum description of urban air properties (SLW, with 10 gray gases) has been proposed and applied
to several street canyons with various aspect ratios. It has been shown that the mean net longwave flux on
the coldest walls can be overestimated up to 12 W.m−2 in the given configuration when a transparent urban
air is considered. This corresponds to a substantial underestimation of the cooling potential of these walls
(up to 59 % for a convective heat transfer coefficient of 5 W.m2.K−1). As for the mean net longwave flux
at the top of the street canyon (i.e. at the sky boundary), it can be overestimated by 7 % regardless of the
street aspect ratio.

Further study should be carried out to assess the impact of these common assumptions on the nighttime
cooling potential of cities. In particular, coupling the model proposed in Section 3 with CFD tools would
enable a detailed assessment of the effect of radiation on global energy balances and on the structure of
airflow, whose buoyancy forces may be altered by volumetric radiative powers. Particular attention should
be paid to the definition of the thermo-physical properties of air and the boundary conditions at the top
of the urban canopy layer. In the present work, the atmospheric profiles that led to these definitions
were fixed (Mid-Latitude Summer profiles). But in the case of a coupled dynamic simulation, the thermo-
physical properties of the atmosphere - mainly temperature fields - cannot be defined in advance, and one
of the challenges will be to match the spectral representations of the air and sky boundary conditions to
the simulated quantities, while guaranteeing a continuity of downward intensities at the top of the urban
canopy layer.
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