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relation, in combination with the Urban Heat Island effect (UHI, which is the phenomenon wherein the
presence of buildings causes the temperature in the city to be higher than in its rural surroundings), poses
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a challenging problem on city planners to reduce the ambient air temperature inside the city. T
this air temperature reduction, the use of high-albedo materials for roofs or paving is often ad
amongst others by Akbari et al. (2001) and Synnefa et al. (2008).

As a result, the use of these high-albedo materials is also incorporated as guidelines for architect
planners. For instance, the New York High Performance Infrastructure Guidelines (2005) and Phi
High Performance Building Renovation Guidelines (2004) both recommend to use high-albedo p
as a substitution for black asphalt to counter the local urban heat buildup. The general idea is t
albedo materials absorb less solar radiation and thereby reduce the outdoor air temperature, w
been shown by many (Silva et al., 2009; Santamouris et al., 2012; Erell et al., 2014). For instance, T
(1999) studied the impact of large scale albedo changes for ten regions in the USA. A high-resolution
weather forecast model was used, where the response of buildings and streets on the surface energ
was specifically taken into account. The regionswere characterized and simulated in reference- andm
surface conditions. The results suggested that large-scale increases in the albedo and vegetative fra
result in spatially-averaged decreases in mid-day air temperature of −0.5 K to −1.5 K during
summer day. The highest reduction found locally was −5 K.

Changing the albedo also influences the indoor air temperature (or the cooling load of obstacles
more often studied (Taha et al., 1988; Simpson and McPherson, 1997; Bretz et al., 1998). The e
different exterior albedo on the indoor air temperature has been demonstrated by Cheng et al. (20
performed idealized scale-experiments on a resolution of 1.5m. These experimentswere performed
arate black andwhite test-boxes and little insulation (20mmthickwaterproof plywood and 25mm
rofoam as interior thermal insulation). Both in summer and fall, the maximum indoor air tem
inside the black test box was roughly 12 K higher compared to the white test box.

Although a reduction in outdoor and indoor air temperature is considered positive, there are al
sides of using high-albedo materials. One of the adverse effects was demonstrated by Erell et al. (
which the response of high-albedo materials on the outdoor pedestrian heat stress was investi
four cities by using the Canyon Air Temperature model (CAT, Erell and Williamson (2006)). The C
uses meteorological measurement data from nearby rural locations to compute the canyon air tem
wind speed and radiative properties inside the urban canyon. Radiative properties are based o
view factor and H/W ratio of the canyon, while urban wind speed and air temperature are compu
empirical formulations. The CAT model was used to compute the effect of different albedo valu
local urban climate inside the street canyon. The output of this model was then used to compute
of Thermal Strain (ITS model, Pearlmutter et al. (2007)), which is a pedestrian heat stress param
ITS model empirically relates the clothing insulation, humidity of air, wind speed and the thermal
radiative fluxes to the thermal comfort of a standing human in units of Watt. For example, E
(2014) found that although a high-albedo material can lead to lower air temperatures, it may als
higher value of the heat stress,which is due to the increase in reflected radiation that can reach the p
The thermal stress is decreasing with increasing H/W ratio, independent of the albedo that is used.
the authors: “The results of this study indicate that local benefits, in terms of pedestrian therma
are likely to be marginal at best and that high-albedo paving materials may actually increase therm
in warm environments.” (Erell et al., 2014).

1.1. Goals

The current research aims to take the study by Erell et al. (2014) one step further. Instead of as
uniform albedo for the entire canyon as Erell et al. (2014), a variety of adaptationmeasures are tested
ing resolving model, called URBSIM (Schrijvers et al., 2015), is used which computes radiative tran
conduction into the urban material, and ventilation within the urban canyon at a 1 m spatial re
Temperature and wind in the canyon are computed at this resolution (compared to a single
the study by Erell et al., 2014). The different adaptation measures include differentiation bet
north-facing and south-facing walls and albedo gradients along the vertical walls. In this way the
using different albedo values on the air temperature,mean radiant temperature and theUniversal Tem
Climate Index (UTCI, Fiala et al., 2012) can be studied.
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2.1. The numerical model

The effect of different albedo adaptation measures is tested by using the building resolving s
model URBSIM thatwas developed and used in Schrijvers et al. (2015). The strength of URBSIM is th
ly parametrizes the processes, but attempts to remain as close as possible to the physics. Radiation is
a Monte-Carlo model, which does not rely on view factor algebra, heat transport into the urban m
solved by the1Dheat conduction equation and a transient Reynolds-AveragedNavier–Stokes (RANS
tational Fluid Dynamics (CFD)model is used for convective transport of heat, while the CFD model
into account buoyancy (Schrijvers et al., 2015; Kenjeres and Hanjalic, 1999, 2006, 2009; Kenjere
Kuile, 2013; Kenjeres et al., 2015). At present, URBSIM is the only model available in literature, that
Monte-Carlo radiationmodelling and CFD at the street canyon resolving resolution. Only a short des
given here, and the reader is referred to Schrijvers et al. (2015) for model details and validation ca

TheMonte-Carlo radiation model computes individual photon-paths, which allows the assessm
absorbed shortwave and longwave radiation at the surface, the longwave trapping effect and mea
temperature. The mean radiant temperature is defined as the temperature that a human body w
if all absorbed radiation is emitted again through longwave radiation (which assumes that the hum
is in radiative equilibrium), and is computed by

Tmrt ¼
ffiffiffiffiffiffiffiffiffi
Sstr
εpσ

4

s

d value of
hortwave
sson et al.
where Sstr is the localmean radiant flux density, εp the emissivity of the human body (with a standar
0.97) and σ the Stefan–Boltzmann constant. The mean radiant flux density is the amount of both s
and longwave radiation that is absorbed by a standing human body and is computed following Thor
ð2Þ
(2007) as

Sstr ¼ 1−αp

� �X6
i¼1

SWi Fi þ εp
X6
i¼1

LWi Fi
radiative
standing
tric factor
entering
where αp is the albedo of the human body (with a standard value of 0.3), SWi the total shortwave
irradiance, LWi the total longwave radiative irradiance and Fi a geometric factor representing a
human body. The index i is used for the six directions where radiation is entering from. The geome
F has a value of 0.22 for radiation entering from each of the four cardinal points and 0.06 for radiation
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The same
from the upward and downward directions (Thorsson et al., 2007). Since the current study is 2D, rad
tering from two cardinal points is missing (the faces occupying the ‘air-sides’ of the canyon), an
equal to that of the averaged radiation entering from the two known directions. This assumpti
regarded as computing the mean radiant temperature for a square, surrounded by obstacles.

The time dependent 1D heat conduction equation is used to compute the energy transfer from
or ground surface into the underlying urban material (conductive heat flux). A zero-flux boundary
is used for the temperature inside the urban material.

Wind speed, air temperature and the sensible heatflux are computed on a non-uniform grid, refi
proximity of building walls and the ground, by a CFD model, which solves the unsteady RANS-equ
mass, momentum and temperature, as well as turbulent kinetic energy and dissipation through the
k–ε model including the Durbin time scale (Durbin, 1996).

The three different model components, i.e. convective and radiative transport of heat in the ca
heat conduction through the ground and the walls, each compute a part of the surface energy bal
are coupled through the surface temperature. A time step of 6 min is used, after which all fluxes ar
and a new surface temperature is computed. The main advantage of the presented model is that it
in detail the interaction of the different processes at a building-resolving scale.

The input-parameters of the model are shown in Table 1. The location considered is that of Am
(The Netherlands) in the middle of June, the month where the sun reaches the highest elevation
the Netherlands. Free stream air temperature is 293.15 K and is constant with height and time.



holds for the free stream wind speed of 4 m s−1 (which is the average wind speed during the summer at
Schiphol airport, nearby Amsterdam), such that only the solar radiation experiences a diurnal variation.
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Table 1
Input constants for radiation, heat conduction into
the urban material and the CFD model, where λ is
the thermal conductivity of brick, ρ the density of
brick, Cv the thermal heat capacity of brick, Ta the
constant inlet air temperature and U the constant
inlet wind speed.

Radiation

Latitude 52° 22′ N
Longitude 4° 53′ E
Start day 2012-06-10 00:00
End day 2012-06-20 23:59
max SWdir 833.1 W m−2

max SWdif 84.2 W m−2

LWsky 325.0 W m−2

Heat conduction
λ 0.72 W m−1 K−1

ρ 1920 kg m−3

Cv 835 J kg−1 K−1

Δ wall 0.25 m
Δ ground 1.00 m

CFD
Ta 293.15 K
U 4.0 m s−1

Min cell width 1.0 m
Cell expansion 5%
Max cell size 25 m
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These constant input parameters are used to reduce the complexity of the urban system. This
set-up does allow distinguishing between the different processes, and investigating the effect of t
change on the processes that govern the UTCI. For the same reason, both vegetation and vehicle
omitted from this study. Although more advanced urban geometries have been studied (e.g. T
et al. (2005) for 3D wind patterns, Brown and Delay (2001) for different building shapes and T
et al. (2014) for different heat transfer coefficients), these studies do not take into account the
interplay between all processes at the building resolving scale.

The model uses an initial estimate of surface temperature, which is used to compute the air tem
and heat fluxes at the first time step after which all variables are able to freely evolve in time. Ten co
days are simulated. The simplified set-up with constant inlet conditions causes the results to
repetitive, in a statistical sense, after 5 days. We also note that the results do become independe
prescribed initial conditions.

The model has been validated in Schrijvers et al. (2015). The Monte-Carlo radiation model was
against effective albedo measurements conducted by Aida and Gotoh (1982), and showed a fair a
betweenmeasurements and simulation, both for winter and summer conditions. In addition to exp
data, analytic results byMadronich (1987) were used to validate the computation of the radiative fl
CFD model has been extensively validated by comparisons of velocity and concentration measu
(Kenjeres and ter Kuile, 2013; Kenjeres et al., 2015) from the Mock Urban Setting Test (MUST) wi
experiments (Biltoft, 2002; Hilderman and Chong, 2004) and against wind tunnel measurement
speed and air temperature from Uehara et al. (2000). Both validation cases showed good agreement
the CFD model and experimental data. In addition to these validation cases, a grid convergence
been conducted which indicated that grid convergence is reached by using a 1 m resolution (50
for H/W = 1.0 and 25 × 50 cells for H/W = 0.5).

In the currentwork, themodel output is used to compute theUTCI. This is an apparent temperatu
takes into account air temperature, wind speed, radiation, humidity, metabolism of the human



clothing insulationworn by the subject. The UTCI is defined as the isothermal air temperature of the reference
condition that would elicit the same dynamic response (strain) of the physiological model (Jendritzky et al.,
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2012). It has been developed as a standard measure for outdoor thermal conditions, and is desig
applicable in all climates, seasons, and time and spatial scales. The advantage of using the UTCI
effects of an adaptation measure on the outdoor environment are captured in one number, that
related to the amount of heat stress.

From the UTCI-website (Broede, 2005), a Fortran90 sub-routine is available, which uses a si
polynomial function to compute the UTCI, which has been implemented in URBSIM. This functio
temperature, mean radiant temperature, wind speed and relative humidity as input, and the energ
between the human core and skin, between skin and clothing and the human metabolism is para
The fit is valid for the following conditions:

• 223 ≤ Ta ≤ 323 K
• −30 ≤ (Tmrt − Ta) ≤ +70 K
• 0.5 ≤ u10 m ≤ 17 m s−1

where Ta is the local air temperature and u10 m the wind speed at 10 m height.
Since the local UTCI inside the canyon is investigated here, the wind speed at each grid cell centre
street canyon is used instead of the wind speed at 10m height. In this way, changes in wind speed d
different adaptation measures are taken into account.
Relative humidity is a very complex parameter to take into account into a micro-climate model,
dependent on evaporation, entrainment, boundary layer height and large scale advection. This wou
ly complicate the analysis, while it is not the main focus in the current investigation. Therefore, th
humidity is taken as a constant, and an estimate is made of the maximum effect of relative humid
UTCI. By using different constant values of the RH (changing these in the postprocessing UTCI routin
an increase in the UTCI of 3.3 °C is found when changing the relative humidity from 0% to 100%.
The UTCI uses an assessment scale, which is displayed in Table 2. This assessment scale relates the U
perature to the amount of heat stress that a human will experience. It must be noted that all tem
throughout this manuscript are in units of Kelvin, except the UTCI, which is defined as the temp
degrees Celsius to remain consistent with the literature on the subject.
A graphical representation of URBSIM is shown in Fig. 1. This flowchart displays the input param
URBSIM and the output parameters that are in turn used as input for the UTCI subroutine.

2.2. Adaptation measures
which are
les (W) is
). Ten ob-
try limits
he 2D ge-
tification
Different adaptation measures are tested for an idealized 2D geometry with square obstacles
equal in height and spaced equally. The building width (B) is 25 m, distance between the obstac
50 m, while building height is varied between H = 25 m (H/W = 0.5) and H = 50 m (H/W = 1.0
stacles are used in the domain to ensure a fully developed flow in the last canyon. The 2D geome
this study to cases where ventilation is mainly a 2D effect. For higher obstacles, it was found that t
ometry prohibits cross-flow through the canyon, which leads to a non-physical large stable stra
(Schrijvers et al., 2015). Therefore, these deep canyons are not considered here.

Table 2
Assessment scale of the Universal Temperature

Climate Index (Bröde et al., 2012).

UTCI [°C] Stress category

N+46 Extreme heat stress
+38 to +46 Very strong heat stress
+32 to +38 Strong heat stress
+26 to +32 Moderate heat stress
+9 to +26 No thermal stress



An east–west oriented canyon is used, such that building facades are either north-facing (shaded
throughout the day) or south-facing (sunlit throughout the day). Since the current study is 2D, there is no
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Fig. 1. Graphic representation of the different input and output of URBSIM to obtain the UTCI.
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solar azimuthal angle, and only the solar zenith angle is taken into account. Since the building fa
north-facing and south-facing, the 2D assumption is perfectly valid at solar noon.

As a first test, the albedo (α, which is referring to the reflectivity of solar radiation) of all canyon s
varied between 0.2 (case 1), 0.4 (case 2) and 0.6 (case 3) respectively. These values for the albed
used for studying the impact of other adaptation strategies. An albedo of 0.2 corresponds to w
asphalt, 0.4 to concrete and 0.6 to ‘white-washed’ surfaces. The outcome of varying longwave ra
also quantified for different values of the emissivity ε, where ε is modified from 0.95 (case 2), 0
4) and 0.85 (case 5) while the albedo is constant at α = 0.4. Other test cases are shown in Fig. 2
and 7 investigate the effect of differentiating the albedo of the north-facing and south-facing walls
an albedo of 0.6 on one vertical surface and an albedo of 0.2 on the other surface. Cases 8 and 9 in
walls with an albedo gradient, where a high top albedo (from a low-albedo bottom part to a hig
top part of the vertical wall) and a low top albedo (reversed) are used, respectively. Case 10 inve
white roof (α = 0.6 on all roof surfaces instead of the reference value of α = 0.4). The hypothe
this reduces the ambient air temperature entering the canyon, which could cause a reduction of
Case 11 investigates the impact of striping, where strips with different albedo values of 0.6 and 0.2
on the vertical walls. The reasoning is that this creates large spatial differences in surface temper
therefore invigorates convection.
Fig. 2. Graphic representation of different albedo adaptation strategies. Cases with a uniform albedo (α = 0.2, 0.4, 0.6) or uniform
emissivity (ε = 0.95, 0.90, 0.85) are not shown here. Note that the solar position is always on the south side of the canyon.
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This sectionwill discuss the two cases inwhich the canyon is uniformlymodified. Firstly, the albe
discussed, secondly the case with different uniform emissivity values.

3.1. Uniform albedo changes

3.1.1. Diurnal cycle
The first question addressed is how different albedo values affect the daily cycle of surface tem

inside the canyon. Therefore, time series of surface temperature are displayed in Fig. 3. Results fo
representative point centred on the road surface of the street canyon are shown for H/W= 0.5, an
strate a large variation in temperature, with the largest differences ranging from 290 K during th
319 K during day for the α = 0.2 case. The case with α = 0.6 displays differences between 290 a
The large influence of the albedo can be observed during the day when the point of interest is direc
with surface temperature differences of 7 K between the cases. However, the temperature differenc
periods when the measurement point is in the shade (morning and afternoon) are small, indic
the additional effect of multiple scattering is modest with changing the albedo. The impact of
albedo values is also limited during the night, where the surface temperature is mainly cont
longwave radiation.

Since variations during the night are small, this studywill only consider the results at solar noon
diurnal cycle.

3.1.2. Spatial distributions within a street canyon
Spatial changes as a result of different albedo values are shown in Fig. 4 for surface temperature

air temperature at 2 m height (Fig. 4b) andmean radiant temperature at 2 m (Fig. 4c). Solid lines ar
H/W=0.5,while dashed lines are used forH/W=1.0. Surface temperatures are plotted according to
in Fig. 4a, where all vertical surfaces are scaled to uniform height, to allow for direct comp
different H/W ratios. Results for air temperature, mean radiant temperature and the UTCI ar
along the width of the canyon (shown as canyon location), with 0 m at the north-facing
50 m at the south-facing wall. Since both H/W ratios use a street width of 50 m, this does no
scaling. Canyon-average values at z = 2 m height for air temperature, mean radiant tem
and the UTCI are also summarized in Table 3 for all cases.
Fig. 3.Daily variation in surface temperature for one point in the centre of the street canyon (H/W=0.5) for three different albedo values.
The cases considered are with a uniform albedo.



The results are shown for solar-noon, and reveal higher values of surface temperature near the street level
forH/W=1.0 in the sunlit region compared toH/W=0.5, due to an increased number ofmultiple reflections

d +14 K
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Fig. 4. Effect of albedo changes on surface temperature (a), air temperature at 2mheight (b) andmean radiant temperature at 2mheight
(c). Grey scales are used for different cases, as indicated in the legend in the bottompanel. Solid lines are used forH/W=0.5,while dashed
lines are used for H/W = 1.0. Surface temperature is plotted according to the inset in the top panel. Air temperature and mean radiant
temperature are shown as a function of the canyon location.
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(Fig. 4a). A low albedo increases surface temperature by as much as +5 K (H/W = 0.5) an
(H/W = 1.0) at the sunlit part of the ground surface compared to the reference case, while the in
changing the albedo is negligible in the shaded areas. Temperature is changed in the high-alb
by−5 K (H/W= 0.5) and−8 K (H/W= 1.0) in the sunlit areas. For both H/W ratios, the impact of
the albedo on surface temperature becomes smaller towards roof levels.

Air temperature is lower for the high-albedo case compared to the reference case (Fig
H/W = 0.5, the difference in air temperature is (canyon averaged) +0.2 K for α = 0.2 and
forα=0.6 compared to the reference case (α= 0.4). Note that the absolute air temperature is lower forH
compared toH/W=0.5 throughout the canyon. Thedifference in air temperature as a result of changing th
comparable in magnitude to the findings of Erell et al. (2014), despite the large differences in ca



inlet conditions andmodel that is used. This indicates that the impact of changing the albedo on air temperature is ro-
bust, i.e. similar for different conditions.
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Table 3
Effect of albedo and emissivity changes on air temperature, mean radiant temperature and the UTCI compared to reference case 2 with
α = 0.4 and ε = 0.95. Results are canyon averaged values at z = 2 m for H/W = 0.5 and H/W = 1.0 respectively. Case description is
shown in Fig. 2.

Case name Case description ΔTa [K] ΔTmrt [K] ΔUTCI [°C]

Case 1 α = 0.2, ε = 0.95 +0.2/+0.3 −8.1/−7.3 −1.9/−1.9
Case 2 α = 0.4, ε = 0.95 0.0/0.0 0.0/0.0 0.0/0.0
Case 3 α = 0.6, ε = 0.95 −0.4/−0.6 +9.5/+9.7 +2.0/+2.1
Case 4 α = 0.4, ε = 0.90 0.0/+0.2 0.0/0.0 0.0/+0.3
Case 5 α = 0.4, ε = 0.85 0.0/+0.5 0.0/−0.1 0.0/+0.4
Case 6 South low +0.3/−0.7 −2.2/−2.7 −0.2/−1.1
Case 7 North low −0.6/+0.2 +1.7/+0.2 −0.2/+0.3
Case 8 High top −0.4/−0.1 −0.7/−1.2 −0.4/−0.4
Case 9 Low top +0.8/0.0 −7.4/−8.6 −1.1/−2.7
Case 10 White roof +0.1/−0.1 +0.4/+0.2 +0.2/+0.1
Case 11 Striping +0.8/−0.6 −1.7/−0.7 +0.3/−0.3
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In addition to profiles at 2 m height, contours of air temperature are shown in Fig. 5 for H/W =
andH/W=1.0 (right) and the three different cases considered. The results indicate that a low albedo
warmer canyon, for which there is more absorbed radiation, surface temperature is higher and con
air temperature is increasing. For H/W = 0.5, there is one recirculating vortex for all cases. For H
there are two counter rotating vortices, where the warm south-facing wall creates buoyancy force
large enough to create a second vortex that spans the bottom part of the canyon. The air temperatu
at 2m height reveals relatively modest changes compared to the remainder of the canyon. It must b
that the conditions considered are idealized byusing a fully developed flow in the canyonunder con
and that the model is 2D. Despite these simplifications, these results reveal an intricate interplay b
wind induced vortex and canyon buoyancy.

According to Eqs. (1) and (2), the mean radiant temperature (Fig. 4c) is not only influenced by th
in reflected shortwave radiation, but also by the emitted longwave radiation due to changing surfac
ature. Mean radiant temperature displays the contrary effect to air temperature, where the high-al
shows a higher mean radiant temperature (+9.5 K for H/W = 0.5). The difference is however sm
compared to the effect of shading, where Tmrt is over−40 K lower in the shaded areas compared to
areas. For H/W = 1.0, there is a larger area in the shade, with substantially lower canyon-averaged
consequence. In the sunlit part of the canyon, Tmrt is higher for H/W = 1.0 compared to H/W = 0
increased multiple reflections of shortwave radiation. Surprisingly, increasing building height has
different effects: there is a larger shaded area with lower heat stress, but due to the increase in
reflections the sunlit area experiences stronger heat stress.

Tmrt is controlled by the large contributions of direct shortwave radiation (which has a maximum
900 W m−2 in the sunlit area. The maximum value obtained is higher than the incoming 833 W m
Table 1 due to multiple reflections) and the longwave trapping effect (with a maximum contri
700Wm−2). This results in a Tmrt of 350K (sunlit part,H/W=0.5,α= 0.4).When these values are
tomeasurements of mean radiant temperature and radiative fluxes in the city of Göteborg, Sweden
et al., 2008), the values obtained in the current study are higher than obtained from measurements
maximum Tmrt was found of 340 K for a large open squarewithα=0.4. The highermean radiant tem
from themodel is partly due to the 2D assumption, inwhich radiative fluxes from the east andwest
are taken equal to the average of the north and south directions. For the α = 0.4 case, the horizon
originating from the direct short wave radiation in the sunlit area are 680 W m−2 and 320 W m−

southward and northward directions, respectively. As a result, the current assumption uses its m
500Wm−2 for the east andwestward flux,which results in amean radiant temperature of 333.0 K.
if the minimum value for the direct short wave radiation (in this case 320Wm−2) would be used,
radiant temperature would reduce to 329.9 K. In addition to the 2D assumption, the current study
highly idealized conditions, where there is no vegetation, no latent heat flux and clear skies, thereby
for these large radiative fluxes.



Fig. 5. Overview of air temperature for H/W=0.5 (left panels) and H/W=1.0 (right panels) when the albedo is changed uniformly over the entire canyon. The same colour axis is used for all sub-plots.
Local wind is indicated by arrows, where the top arrows at H/W = 0.5 show a wind speed of 4 m s−1.
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The air temperature and themean radiant temperature are both used as part of the input in the computa-
tion of the UTCI, which shows an increase for high-albedo canyons (see Fig. 6), by as much as +2 °C for both

y−1.9 °C
ing effect,
rate heat
the large
therefore
n radiant

Fig. 6. The UTCI temperature for different values of the albedo, where the albedo is changed over the entire canyon. Solid lines
indicate H/W = 0.5, dashed lines are used for H/W = 1.0.
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H/W ratios compared to the reference case. Using a low albedo changes the canyon-averaged UTCI b
for both H/W ratios. However, the influence of changing the albedo is small compared to the shad
which changes the UTCI in the shaded areas by as much as −12 °C, thereby indicating only ‘mode
stress’ if there is any stress at all. The large reduction of the UTCI in shaded areas is mainly due to
decrease of direct shortwave radiation, which impacts the mean radiant temperature and
the UTCI. The local differences in air temperature cannot compensate the change in the mea
Fig. 7. Effect of different values of the emissivity on the UTCI, compared to the reference case with a uniform ε of 0.95. Solid lines are used
for H/W= 0.5, dashed lines for H/W = 1.0.



temperature. For an increase in Tmrt of +15 K, air temperature should reduce by−7 K to maintain the same
UTCI temperature for this case. Note that for this comparison, feedback effects from air temperature to the

eglected,

dle of the
dy for the
effect of

currently
tunately,

295P.J.C. Schrijvers et al. / Urban Climate 17 (2016) 284–303
sensible heat flux, conductive heat flux, surface temperature and mean radiant temperature are n
which gives just a very coarse indication of the required temperature increase.

Erell et al. (2014) found that for any albedo value the thermal stress for a pedestrian in the mid
street canyon is decreasing with increasing H/W ratio. A similar result is obtained in the current stu
shaded part of the canyon. By contrast, in the sunlit part, the thermal stress increases due to the
multiple reflections at this location.

3.2. Uniform emissivity effect

In addition to changing the canyon albedo, a varying emissivity is investigated. There are
coatings available that can be applied on the glass surface, such that emissivity is reduced. Unfor
Fig. 8. Effect of using a high-albedonorth-facing (case 6) and south-facing (case 7)wall on surface temperature (a), air temperature at 2m
height (b) andmean radiant temperature at 2mheight (c). A graphic representation of the cases is displayed in Fig. 2. Solid lines are used
for H/W= 0.5, while dashed lines are used for H/W= 1.0. Surface temperature is plotted according to the inset in the top left panel. Air
temperature and mean radiant temperature are shown as a function of the canyon location.



the combined effect of glass including this emissivity-reducing coating is usually not given. Therefore, this re-
mains an academic case, to investigate the possible impact of low-emissivity materials. Noting that according
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to Kirchhof's law the spectral emissivity equals the absorptivity of infrared radiation, one could hy
that decreasing the emissivity could lead to a feedback effect on surface temperature (less absorbed
from the sky, lower surface temperature, less longwave trapping, lower surface temperature, et
could significantly lower the UTCI. The second consequence of reducing the surface emissivity is an
in the surface temperature, due to the reduced emission of longwave radiation from the surface. In th
study, the total impact of changing the emissivity is investigated, and the two separatemechanisms
above are not investigated separately.

The effect of varying the emissivity on the UTCI is visualized in Fig. 7 and in Table 3 for the differ
A decrease in the emissivity from 0.95 to 0.85 did not affect the UTCI forH/W=0.5 and increased th
+0.4 °C for H/W = 1.0.

Absorbed infrared radiation at the surface is decreasing with a lower emissivity. However, this d
much smaller compared to changing the albedo of solar radiation. Due to the high value of the emis
amount of energy involved with multiple reflections is smaller. Since the change in surface temp
small, there is also little ramification on the longwave trapping effect. The UTCI is therefore hardly
For H/W= 1.0, air temperature is increasing more than the mean radiant temperature is decreasin
to an increase in the UTCI.

4. Sensitivity studies

4.1. Differentiating albedo of the street canyon vertical walls

In this section, case 6 (a high-albedo on the north-facing wall) and case 7 (with a high-albed
south-facing wall) are compared to the reference case 2 with a uniform albedo (see Fig. 2 for
representation). Note that the average albedo over all surfaces remains equal for these cases.

Varying the albedo of the vertical walls reduces the surface temperature for case 7 (Fig. 8a) at
corner between the south-facing wall and ground by −8 K (−12 K) for H/W = 0.5 (H/W =
north-facing wall is heated by +2 K compared to the reference case for both H/W ratios. The heat
north-facing wall can be explained from the fact that the surface does not only absorb more solar
due to the lower albedo, but also due to the increased amount of received radiation that is reflect
Fig. 9. Effect of differentiating the albedo of north-facing and south-facing walls on the UTCI, compared to the reference case with a
uniform ε of 0.95. Solid lines are used for H/W = 0.5, dashed lines for H/W = 1.0.



Fig. 10. Overview of air temperature for H/W = 0.5 (left panels) and H/W = 1.0 (right panels) for the reference case (uniform albedo of 0.4, top panels), case 6 (high-albedo north-facing wall, middle
panels) and case 7 (high-albedo south-facing wall, bottom panels). The colour scale used is identical to the colour-scale used in Fig. 5.
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south-facingwall. The impact of a high albedo for the north-facingwall (case 6) is however smaller, with only
a reduction in surface temperature of −1.5 K (−3.0 K) for H/W = 0.5 (H/W = 1.0) at the north-facing
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cold air is
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different
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Fig. 11. Effect of vertical albedo gradients on surface temperature (a), air temperature at 2m height (b) andmean radiant temperature at
2 m height (c). Case 8 uses a high albedo at the top part of the vertical wall, case 9 a low albedo.
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wall, while the surface temperature of the low-albedo south wall is increasing by +7 K (+
H/W = 0.5 (H/W = 1.0).

Air temperature profiles (Fig. 8b) reveal differences of up to+0.7 K for case 7. The results are als
rized in Table 3. However, themost interesting phenomena can only be seen from the spatial air tem
patterns, as shown in Fig. 10. For H/W = 0.5, the canyon for case 7 is found to be colder than the
case, particularly due to the lower surface temperature at the south-facing wall. For H/W=1.0, cas
in a higher air temperature at the bottom of the canyon,which is due to a change in vortex dynamics
the different cases. The reference case and case 6 exhibit two counter rotating vortices, where
trapped at the lower part of the canyon. For case 7, the surface temperature at the south-facin
lower, there is less warm air rising and the forced convection (due to the free stream air flow
than natural convection (due to buoyancy forces). This results in one single vortex which spans t
canyon. The considered adaptation measures demonstrate different effects on air temperature for
H/W ratios. This justifies including CFDmodelling, as it illustrates how a change in the albedo can c



alter the air flow patterns. It is recommended to investigate these phenomena with more advanced
models (for instance the algebraic flux model) further, since it is known that k–ε turbulence models can

while it is

the effect
/W = 0.5
−0.2 °C.

Fig. 12. Effect of vertical albedo gradients on the UTCI, compared to the reference case with a uniform albedo of 0.4. Case 8 uses a high
albedo at the top part of the vertical wall, case 9 a low albedo. Solid lines are used for H/W= 0.5, dashed lines for H/W = 1.0.
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have difficulties with complex buoyant flows.
The mean radiant temperature is shown in Fig. 8c, and displays a decrease for case 6 of−2.5 K

increased by +1.7 K (H/W = 0.5) and +0.2 K (H/W = 1.0) for case 7.
Despite the changes in surface temperature, air temperature and mean radiant temperature,

of differentiating the albedo of the north-facing and south-facing walls on the UTCI is small for H
(see Fig. 9). Both cases with a different albedo at either side of the buildings reduce the UTCI by
Fig. 13. Effect of white roof (case 10) and striping (case 11) on the UTCI, compared to a uniform albedo of 0.4 (case 2). Solid lines are used
for H/W= 0.5, dashed lines for H/W = 1.0.



ForH/W=1.0, larger differences are present, where case 6 reduces theUTCI by−1.1 °C,while case 7with the
high-albedo south-facing wall increases the UTCI by +0.3 °C. Both H/W ratios indicate that a low-albedo
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south-facingwall reduces the UTCI, despite the increase in air temperature, again demonstrating the
pact of shortwave radiation.

4.2. Vertical albedo gradients

Instead of changing the albedo of the entire wall, two cases are considered where there is a
gradient on the vertical walls (case 8, which uses a high-albedo at the top, and case 9which uses a lo
at the top, see Fig. 2).

Differences in surface temperature due to the varied albedo values aremainly present at the botto
the south-facing wall (Fig. 11a), with maximum changes of +7 K for case 8 and −7 K for case 9.

Larger differences in air temperature are found (Fig. 11b) for the albedo gradient case compa
uniform albedo cases, with a decrease in air temperature of −0.4 K (H/W = 0.5) for case 8 and an
of +0.8 K for case 9 (H/W = 0.5). With a high albedo at the upper part of the canyon, there is les
of ambient air at the top of the canyon, which has a lasting impact on the remainder of the can
recirculating air is heated inside the canyon, but the canyon as a whole remains colder compar
reference case.

For each of the vertical albedo cases, themean radiant temperature is surprisingly decreasing as
to the reference case (Fig. 11c). For case 9, the mean radiant temperature decreases by roughly −
this is −1 K for case 8. For a low albedo at the top part of the canyon, more shortwave radiation is
at the top of the canyon, and less radiation is reflected towards the ground surface, and is present fo
rect shortwave radiation and diffuse shortwave radiation. For case 8, the high-albedo top of the c
flects more radiation into the canyon, which is absorbed at the lower parts of the vertical walls.

If all effects are combined into the UTCI (Fig. 12), a decrease is shown for both cases. Case 8
decrease of −0.4 °C for both H/W ratios, while case 9 decreases the UTCI by −1.1 °C for H/
and −2.7 °C for H/W = 1.0. The decrease in the UTCI for H/W = 1.0 is larger for case 9 than a
albedo of 0.2 and is thereby the most efficient measure to reduce the outdoor thermal comfort fou
current study.

4.3. White roof and striping

Results for the UTCI for cases 10 (white roof) and 11 (striping) are displayed in Fig. 13 and Ta
display small changes in the UTCI compared to the reference case. For case 10, there is a reduction in
air temperature as hypothesised in Section 2.2 for H/W = 1.0, but this is small (−0.1 K). The red
ambient air temperature is not present for H/W = 0.5. Remarkably, mean radiant temperature is in
which leads to an increase in the UTCI of +0.2 °C for H/W = 0.5.

Case 11 (striping of vertical surfaces) has a large impact on surface temperature, where local diff
up to 10 K are found compared to the reference case. However, such large temperature differ
not present when air temperature is considered, with an increase for H/W = 0.5 (+0.8 K) but a
forH/W=1.0 (−0.6 K). Mean radiant temperature reveals opposite effects to air temperature, whi
in a small impact on theUTCI forH/W=0.5 (+0.3 °C) and a decrease in theUTCI forH/W=1.0 of (
It is unclear why striping demonstrates differences in the UTCI for the different H/W ratios.

5. Discussion

The present study is an extension of the work by Erell et al. (2014), who performed simulatio
uniform albedo for different H/W ratios in different cities. A more advanced model is used com
Erell et al. (2014), which couples a CFD model, a Monte-Carlo radiation model and thermal diffusio
the 1D heat conduction equation, but finds similar results for the case with a uniform albedo.
Erell et al. (2014) only considered a standing person in the middle of the canyon, while the entire
investigated in the current study. As a second extension, different albedo adaptation strategies
which showed that using an albedo gradient (from a high-albedo at the top part of the vertical



low-albedo at the bottom part) can be more beneficial in terms of lowering the heat stress compared to a
uniform low albedo for H/W = 1.0.
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Themaximum effect that is obtained by using different albedo adaptation strategies is about−2
UTCI, and is independent ofH/W ratio. Surprisingly, increasing the building height reveals two distin
there is a larger shaded area with a lower heat stress, but due to the increase in multiple reflections
area experiences stronger heat stress, especially near the sunlit south-facingwall. TheUTCI is reduce
−12 °C in shaded areas compared to the sunlit areas, almost independent of the case that is investig
shadow-effect is also seen for the different H/W ratios: for every case investigated, the canyon avera
at 2m is lower for H/W=1.0 compared toH/W=0.5, which is alsowhat Erell et al. (2014) found. T
it might be worthwhile to investigate artificial shading measures, which provide shading during th
can be opened during night (increase ventilation and reduce longwave trapping).

The present study also demonstrated that changing the albedo values can alter the vortex dynam
a street canyon. Although idealized conditions are used here, buoyancy forces respond to th
measures, which encourages further investigations with more advanced CFD models. The effect of
surface temperature on vortex dynamics has been found in academic cases before, with heating of i
building surfaces (Kim and Baik, 2001; Huizhi et al., 2003). Although the changing surface tempera
to relatively small air temperature differences, the possible change in air flow inside the street ca
have large consequences on, for instance, pollutant dispersion, as was shown by Baik et al. (2007)
gases of cars can be trapped in the bottompart of the canyon, ormore easily dispersed throughout th
dependent on the flow dynamics.

It must be noted that only the outdoor situation is considered in this study, and that the indoor
ment can reveal opposite effects to the outdoor environment. Although Cheng et al. (2005) found a
in indoor air temperature when using a high-albedo, Yaghoobian and Kleissl (2012) found the opp
reflected radiation is penetrating through the windows, and therefore can increase the indoor tem
The effect is however very much dependent on the street geometry, albedo and amount of gla
indicates that using one adaptation strategy on all locations might give different results, depende
local geometry.

The cases considered in this study are highly idealized and only consider a 2D geometrywith con
stream air temperature and wind speed during the summer time. Therefore, the model used can b
ered of intermediate complexity. The goal is to include the full 3D arbitrary environment, for which
steps are undertaken (Tomas et al., 2015; Kenjeres et al., 2015). In addition to the 3D environme
studies use more advanced turbulence modelling (Large Eddy Simulations in Tomas et al., 2015 and
RANS-LESmodel in Kenjeres et al., 2015). Other seasons can also be investigated. For this reason, UR
be coupled (for instance) to a large scale weather model. However, this is currently outside the sco
current study. In addition to the highly idealized conditions considered in this study, only the buildi
is changed to obtain different H/W ratios. Using a constant H/W ratio indicates that air flow fields a
independent of building height or street width. However, this similarity does not hold for the sit
pedestrian level (z=2m),which is impacted by the actual building height. Qualitative resultswill n
dramatically, due to the already large building heights used here.

6. Conclusions

This study systematically investigated the effect of different albedo adaptation strategies o
temperature, air temperature, mean radiant temperature and the UTCI for an idealized 2D stree
Using high-albedomaterials for all canyon surfaces decreases air temperature but increases themea
temperature more strongly, leading to an increase in the UTCI (indicating more heat stress). This co
behaviour of air temperature and mean radiant temperature is observed for all cases. When the UT
sidered, a higher albedo increases heat stress, which is consistent with the findings from Erell et al

The lowest heat stress (within the simplified test cases considered) was found to occur for the ca
vertical gradient of the albedo forH/W=1.0. The gradient used a high albedo at the bottompart of th
wall and low albedo near roof level. Air temperature increases slightly compared to a uniform albed
0.4, but reduces the UTCI themost (−2.7 °C). ForH/W=0.5, a uniform low albedo of α=0.2 resul
largest decrease in heat stress (−1.9 °C) for which the increase in air temperature is compens
large decrease in mean radiant temperature.



The present study indicates that there are adverse effects of using high-albedo materials, where air
temperature and mean radiant temperature often show opposite responses. It is therefore concluded that
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simply using high-albedo materials wherever possible might not lead to the desired result of a red
the thermal heat stress.
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