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Abstract

Buildings can be examined during concept design to iden-
tify potential for sunlight to reflect off exterior cladding
surfaces and create traffic disability glare onto surround-
ing roadways. Historically most assessment methodolo-
gies calculate veiling luminance hazard at roadway re-
ceiver locations assuming specular type reflections off
glazing. A population dosage of veiling luminance is pro-
posed in this study as a limiting measure of solar disability
glare exposure to passing traffic. Modern facades are in-
creasingly adopting metal sheet cladding products dis-
playing both specular and highly diffuse reflective prop-
erties. In-house software has been developed to perform
solar reflection calculations off a range of specular and dif-
fuse reflective surface finishes. The program generates
view-based luminance renderings at traffic receiver loca-
tions. Subsequently, a custom script evaluates the render-
ings and determines annual disability glare metrics in-
cluding retinal irradiance, glare source angle and back-
ground luminance for comparison with existing disability
glare criteria. Threshold increment is calculated from
modelled veiling and background luminance as a measure
of reduction in contrast due to disability glare. Case stud-
ies are reviewed where facade solar reflections flagged
during early design as a traffic disability glare population
dosage risk were successfully mitigated with fagade treat-
ments. Implications of fagade solar reflectivity mitigation

for building energy consumption are discussed.

1. Introduction

Sun disability glare occurs when direct or reflected
sunlight is projected onto the retina of the human
eye causing poor visibility. When driving it inter-
feres with contrast, sharpness perception and vision
acuity. Most motorists have experienced disability

glare associated with driving directly toward a sun-
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rise or sunset and these occurrences have been
directly linked to grim accident and fatality statis-
tics, e.g., (Mitra, 2014; Sun et al., 2017; Redelmeier et
al., 2017; The Sunday Times, 2014). In terms of
driver liability however the “Act of God” sun glare
defence has been overruled in several legal cases
given there should be some driver expectation of
low altitude sun glare hazard being a natural event,
e.g., (Dubois Law Group, 2012). It has been argued
the driver should anticipate the hazard and take
precautions by reducing speed, lowering sun visor,
wearing sunglasses etc. Solar reflections from build-
ing facades however can be unexpected and come
from unnatural and unexpected directions. Emer-
gency doctrine may be a defence for a driver im-
pacted by these unnatural solar reflections resulting
from an “Act of the Designer”.

Increasing urbanization in many cities is leading to
higher traffic volumes exposed to reflected solar
disability glare hazard and therefore increased com-
munity risk. As buildings become taller, so too do
the distances over which low altitude reflected sun
can cast onto surrounding roadways thereby in-
creasing population dosage of reflected solar disa-
bility glare events.

Buildings can be examined during concept design to
identify and quantify disability glare hazard onto
surrounding roadways. Unfortunately, there has
been little in the way of solar disability glare crite-
rion for city planning consent authorities to pre-
scribe and a need to further develop criteria and
tools is recognised, e.g., (Danks et al., 2016; Glan-
ville et al., 2024). Some of the earliest traffic glare
assessment methodologies developed calculate Hol-
laday veiling luminance Lv at receiver locations

assuming specular type facade reflections.
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2. Specular Solar Reflections

Building glazing products typically have specular
solar reflectivity properties whereby the angle of
incident sun ray onto the glass is equal to reflected
solar ray angle. A popular methodology to identify
and quantify disability glare associated with specu-
lar solar reflections from glazed facades was devel-
oped by (Hassall, 1991). Hassall’s methodology cal-
culates the diurnal and seasonal solar path at any
given location (longitude and latitude) and calcu-
lates specular reflections off the subject building fa-
cade orientation onto surrounding roadway re-
ceiver locations. Glazing reflectivity properties are
incorporated into the analysis as obtained from
available product data or photometric tests. Human
eye sensitivity of the motorist is then quantified by

the Holladay formula in Eq.1.

kE
Ly =5 (1)

Holladay calculates a veiling luminance hazard Ly
experienced by a driver of sufficient intensity to
scatter the retinal image; appearing like a ‘veil’
placed in front of the observer’s line of sight. Has-
sall nominates 500 cd/m? as a reasonable magnitude
of limiting veiling luminance.

Ec is the illumination of reflected glare onto the cor-
neal plane and k (typically in the order 10) accounts
for variables such as age and colour of the subject’s
eye, (Adrian, 1989; CIE 140, 2019; Jurado-Pifia et al.,
2009; Vos, 2003). Central to the calculation of veil-
ing luminance is the angle between the glare source
and the driver’s line of sight 6. A narrow angle 0
coinciding with a glare source closely aligned to the
driver’s required line of vision will result in a high
veiling luminance value and is to be avoided or mit-
igated. Pedestrians are not usually restricted to the
same line of sight requirement imposed on a high-
speed moving vehicle and can normally divert their
line of sight to increase the angle 0.

A Population Dosage (cd.s/m?) to passing traffic per
solar reflection event per day is proposed as a limit,
being the product of veiling luminance (cd/m?), ex-
posed road length (m) divided by traffic average
speed (m/s), all multiplied by the number of vehi-
cles exposed to the glare event per day (number of
moving vehicles passing per unit time multiplied by
glare event duration) and fraction of time with clear

skies; these shifting variables integrated over the
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duration of a reflection event per day. As a rule of
thumb, a value of approximately 1x10¢ cd.s/m? con-
stant luminance or greater per day for a reflection
event implies a high population dosage to passing

traffic.

3. Diffuse Solar Reflections

Modern facades are increasingly adopting metal
sheet cladding products displaying both specular
and highly diffuse reflective properties, e.g. (BHP,
2022). Diffuse reflections occur when sun rays
reflecting off a rough surface are scattered in many
directions.

Disability glare impact of both specular and diffuse
solar reflections can be quantified using potential
ocular impacts and assessed against criteria devel-
oped by (Ho et al.,, 2011). The Ho criteria has been
used to assess solar reflections from roof and
ground mounted photovoltaic panels at airport lo-
cations cast onto landing aircraft and is adapted in
this study to assess glare hazard onto roadways sur-
rounding buildings with facade materials such as
metal cladding.

The Ho methodology assesses the ocular hazard
caused by glint or glare as a function of the intensity
of the glare upon the eye (retinal irradiance) Er in
W/m? and the subtended glare source angle w being
the extent to which the glare occupies the receptor’s
field of vision, dependent on size and distance of the
reflector glare source. The severity of the ocular
hazard can be assessed against three criteria levels
as will be discussed in Section 5.1.1.

In-house software has been developed by CPP
based on an open-source ray tracing engine, RADI-
ANCE, to perform solar reflection calculations off a
range of user specified surface finishes with flat to
complex curvatures. Commercially available Cli-
mateStudio software uses the RADIANCE engine
and generates view-based luminance High-Dy-
namic Range (HDR) renderings at specific locations
which could impact road users. A Stereographic
Fisheye setting is typically used to produce the
views and render luminance during daytime at set
time intervals (typically 1 minute) throughout the
solar year (ClimateStudioDocs.com, 2024). These
annual HDR images for user nominated high-risk



driver locations/orientation are processed using
RADIANCE’s internal tool Evalglare (Radiance-
Online.org, 2020). CPP’s custom software parallel-
ises and automates the Evalglare processing of thou-
sands of high-quality luminance images to identify
facade locations and times of the year causing max-
imum driver impact. CPP’s software system is
tuned to filter glare sources and approaching driver
fields of view as discussed further in Section 5.1.1.
Using the principle of ‘Reverse” photometry (Nils-
son, 2009) whereby viewing is the reverse of radiat-
ing, glare source luminance is taken as the glare
source on the eye plane and multiplied by glare
source size Q) in steradians (sr) which are also ex-
tracted from the HDR images of daylight simula-
tions; a similar approach has also been adopted by
(Jakubiec et al., 2014). The subtended angle of the
glare source w in rad is obtained from the relation-
ship:
w=2cos™! (1 - %) )
Luminance efficacy K is used to convert light from
photometric to radiometric values for irradiance
analysis (e.g. 100 Im/W for a morning clear-sky sce-
nario). Corneal irradiance Ec in W/m? is converted to
retinal irradiance E: through the following relation-
ship with reference to Fig. 1:

2
E, = tE, (3—3) 3)
Where the eye focal length f=0.017 m, glare source
size w in rad, diameter of the image projected onto
the retina d, in m (fw), ocular transmission coeffi-

cient 7=0.5, and pupil diameter d,=0.002 m.

Fig. 1 — Section through the eye demonstrating a glare source pro-
jected onto the retina

4. Contrast

Rod receptors on the retina of the eye at low light

levels within the scotopic and into mesopic lumi-

nance range provide little colour response, provide
low visual acuity but are highly sensitive to bright-
ness and contrast (Armas et al., 2007). Hence con-
trast is an important measure of solar disability
glare risk for a driver in mesopic dusk/dawn condi-
tions and in some highly overcast or overshadowed

daytime conditions. Threshold contrast for a target

is given by:
AL
G =(5) 4
Where:
AL=Le- Ly ®)

Liis the target luminance and Ls is the background
luminance. Threshold contrast or Weber fraction
(telescope®ptics.net, 2023) varies with the type of
physiological response. Extensive experiments
were conducted by (Blackwell, 1946) to determine
Contrast Threshold of the human eye under a vari-
ety of background luminance conditions. From this
work a threshold contrast Cv = 0.016 would be suit-
able in the upper mesopic range up to background
luminance with values of the order 102-10% cd/m?2.
Adding a veiling glare source Lv to both the target
and background has the effect of reducing the effec-
tive contrast below threshold, Eq. 6:

C. = (Lg+Ly)=(Lp+Ly) _ Le-lp ©)
g Lp+Ly Lp+Ly

Scattering of light passing through atmospheric pol-
lutants and windscreen media (dirt, water droplets,
damage, and internal reflections) can be added to
the veiling glare (Schreuder, 1991; Lundkvist et al.,
1987).

Threshold Increment (TI) is defined as ‘the measure
of disability glare expressed as the percentage increase in
contrast required between an object and its background
for it to be seen equally well with the source of glare pre-
sent’, (AS/NZS4282:2019). Within the scotopic to
mesopic range limits of the code a ‘higher value of TI
corresponds to greater disability glare.

From the equations above it can be shown:
C
%) = — £
TI(%) = (1 Cb) x 100 (7)

Fechner (telescope©ptics.net, 2023) noted departure
from the Weber law at the extremes of perceived
brightness including retinal saturation at high lumi-
nance. In many instances the saturating back-
ground luminance associated with a low altitude so-

lar disc will be in the same line of sight as a coincid-
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ing glancing facade reflection. In such conditions
the low altitude sun can cast disability glare onto an
approaching driver well exceeding a veiling lumi-
nance of 500 cd/m?2. With reference to the TI defini-
tion above however, the increase in contrast re-
quired between an object and the high background
luminance due to the solar disc in the line of sight
will not change significantly due to the veiling lu-
minance of the facade reflection contribution. The
facade contribution makes little difference to the
driver disability glare event and hence a low TI
value results. In this saturation luminance scenario,
the low TI value would be misleading in terms of a
disability glare marker, however the low value
demonstrates the negligible contribution from the
building fagade.

5. Case Studies

5.1 Perpendicular Reflections

Incident solar rays near perpendicular to a flat glaz-
ing plane with specular reflectivity properties will
reflect solar rays with a veiling luminance of magni-
tude proportional to the visible light reflectivity co-
efficient of the glazing product.

5.1.1  Material selection for mitigation

CPP completed a solar disability glare study for the
ICC Theatre in Sydney, Australia during the early
planning stages. Mid-winter early morning rays
were identified to strike the vertical east glazed fa-
cade with low altitude reflections back onto Pier
Street westbound traffic travelling on an inclined
roadway toward the site, Fig. 2 (photo taken at
nearby footpath location). Veiling luminance was
predicted to be in the order 1100 cd/m? at approach-
ing roadway locations using CPP in-house software
following the Hassall methodology. The highest re-
flections were calculated off the southern end of the
east facade initially modelled with a 10 % visible
light reflectivity coefficient glazing product.
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Fig. 2 — Winter solstice morning solar reflection off Theatre east
facade glazing - photograph courtesy Sydney Morning Herald

A Population Dosage (cd.s/m?) of approximately
1x106¢ cd.s/m? constant luminance per day was esti-
mated for this reflection event and implies signifi-
cant solar disability glare exposure to passing traf-
fic.

View-based luminance renderings where prepared
for further assessment of the 10 % visible light re-
flectivity coefficient glazing product against the Ho
criteria. Multiple potential reflective glare surfaces
inside the driver’s view field were assessed for both
specular and diffuse reflections. Initial assessment
of disability glare ignores the sky, direct sun, and
the environment behind it to assess the net glare im-
pact of the development. The software filters out
these background contributions and calculates aver-
age luminance across an area exceeding a threshold
luminance; the same area also defines subtended
source angle. The initial result is plotted against the
Ho criteria in Fig. 3. The severity of the ocular haz-
ard criteria is divided into three levels with the re-
sults in this example being marginally high at the
low end of ‘Potential for After-Images’.

Glazing product selection with a low visible light re-
flectivity coefficient can be effective at mitigating
these near perpendicular reflections. Reducing the
visible light reflectivity coefficient of the glazing
from 10 % to just below 5 % will reduce veiling lu-
minance from 1100 cd/m? to the 500 cd/m? Hassall
criteria and reduces reflections toward the Ho crite-

ria for ‘Low Potential for After Images’



Fig. 3 — Potential impacts of retinal irradiance vs subtended source
angle criteria by Ho et al. Result for winter solstice morning solar
reflection off east facade glazing at roadway viewing position

View-based luminance renderings are illustrated in
Fig. 4 with background contributions included.
Concern remained in terms of contrast for an ap-
proaching driver during this mesopic dawn event,
even with a <5 % visible light reflectivity coefficient
performance glazing product. In this example the
software computes L2o = 1530 cd/m? background lu-
minance as an area average in the 20° driver’s field
of view (white circle in Fig. 4). Solving Eq. 4 to 7
above for a veiling luminance meeting the Hassall
limit Lv =500 cd/m? gives a TI of 29 % being margin-
ally greater than suggested TI limits of 15-20 %, e.g.,
(Armas et al.,, 2007; AS/NZS1158.5:2014; AS/NZS
4282:2023).

Fig. 4 — Winter solstice morning solar reflection off east facade
glazing. View based luminance rendering at roadway viewing po-
sition

Hence an alternative material was sought with a low
reflectivity coefficient and diffuse reflective charac-
teristics. A metal mesh product was selected for the
southernmost 20 m of the east facade where there
was greatest potential to reflect the morning sun to-
ward the Pier Street roadway, Fig. 5. The material
has predominantly diffuse reflective properties pro-

ducing reflections well below the codified TI limits.

Fig. 5 — Winter solstice morning solar reflection off east facade
metal cladding mesh. Photograph taken at the same simulated
roadway viewing position

Energy consumption for heating and cooling of a
glazed facade building such as the ICC Theatre will
be heavily dependent upon glass selection. The full
spectrum of solar radiation reaching the facades will
be either reflected by the glass (as measured by the
solar energy reflectivity coefficient), transmitted di-
rectly into the building interior through the glass, or
absorbed by the glass then re-released on the inner
and outer glass surfaces. For most glazing products
there is a close proportionality between the visible
light reflectivity coefficient of the outer glass surface
(important for glare studies) and the solar energy
reflectivity coefficient. A low visible light reflectiv-
ity coefficient therefore generally means more solar
radiation arriving at the glazing will penetrate the
building and provide passive solar heating; being
heavily dependent on the glass absorptance proper-
ties. Similarly, there will be some correlation be-
tween a higher visible light reflectivity coefficient
glazing and lower cooling loads. Selection of spe-
cific glazing properties and products to reduce over-

all heating and cooling loads is best made in con-
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junction with building energy simulation model-

ling.

5.1.2 Facade orientation for mitigation

Glazed balcony balustrades to a mid-rise Sydney
apartment building were predicted to cast solar re-
flections toward oncoming traffic simultaneously
over an extended stretch of highway in another ex-
ample illustrated in Fig. 6. At location 1 to the
northeast of the balustrades, peak reflections with
high veiling luminance were predicted during early
morning traffic periods in early and late winter over
a 100 m length of roadway representing a high pop-
ulation disability glare dosage. The straight length
of roadway impacted was parallel to the reflected
rays and inclined 1.6° toward the site resulting in
very low O values and hence high veiling luminance
Lv over an extended receiver roadway length, lim-

ited almost only by building height.

Fig. 6 — Perpendicular reflection example — mitigation by glazing
reorientation

In this example a simple reorientation of the north-
east facing balustrade glazing by just 10° anticlock-
wise was sufficient to prevent the low altitude sun

reflecting onto the this stretch of roadway.

5.2 Glancing Reflections

Most glazing products will exhibit reflective prop-
erties of an ideal mirror when the incident and re-
flected solar rays are near parallel to the fagade
plane, i.e., a glancing reflection. Hence a glazed fa-
cade cannot be safeguarded just through low-reflec-
tivity glass product selection and each building
needs to be assessed considering fagade orientation

and alignment relative to oncoming traffic.
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5.2.1  Opaque fins for mitigation

Glancing solar reflections are illustrated in Fig. 7 for
an early morning event at a Sydney location. The tall
building fagade is 25 m wide in plan and casts re-
flections towards drivers approaching the site from
the west whereby the low altitude rising solar disc
will approach the same line of sight as a coinciding
glancing facade reflection. Planning authorities
may require a low veiling luminance contribution
from the facades of proposed buildings despite high
pre-existing background luminance Ly as was dis-

cussed in Section 4.

Fig. 7 — Glancing reflection example — mitigation by using vertical fins

In Fig. 7 it is the reflected rays closest to parallel to
the facade that cast the highest veiling luminance
onto eastbound drivers, and these can be readily
blocked using opaque vertical fins placed
perpendicular to the fagade plane as illustrated in
Fig. 7. At location 1 to the west of the facade the
peak veiling luminance reflection occurs just after
sunrise in the mid-seasonal months at an angle ®1
reflected off a point on the facade 16 m above
ground level.  The disability glare exceeds
500 cd/m2 for 8 minutes over a 25 m length of flat
roadway centred on location 1 and represents a
population dosage risk during high volume traffic
(similar but symmetrically reverse glancing solar
reflections occur during afternoon traffic). Vertical
fins placed with a fin depth to spacing ratio of 1:10
as illustrated in Fig. 7 are sufficient to block incident
and reflected rays of angle @1 or shallower. At
location 2 the same reflection event peaks half an
hour later and here the fins are not deep enough to
block a larger angle ®2. At this location the veiling
luminance magnitude is significantly lower
however due to a lager ®2 value contributing to the
denominator of Eq. 1. Furthermore, by blocking the
earlier reflections the population dosage for the
event is also significantly reduced.

In practice a series of much shallower fins having
the same depth to spacing ratio can be imple-

mented; the fins themselves should have a low-re-



flective finish. Alternatively, some forms of fagade
articulation can provide the same blockage effect,
e.g. ratio of a punch window recess depth to win-
dow width. Solar shading associated with reflection
mitigation can also be used to advantage in reduc-
ing building energy consumption particularly for
cooling, e.g., angling vertical fins to shade low alti-

tude summer sun.

6. Conclusions

This paper has reviewed an existing methodology to
calculate traffic disability glare at roadway receiver
locations resulting from specular type solar reflec-
tions off building glazing and proposes a popula-
tion dosage of veiling luminance as a limiting meas-
ure of solar disability glare exposure to passing traf-
fic.

In-house software has been developed to perform
solar reflection calculations off a range of specular
and diffuse reflective surface finishes. The program
generates view-based luminance renderings at traf-
fic receiver locations. Subsequently, a custom script
evaluates the renderings and determines annual
disability glare metrics for comparison with existing
disability glare criteria.

Threshold increment is calculated from the mod-
elled veiling and background luminance as a meas-
ure of reduction in contrast due to disability glare.
Case studies are reviewed where fagade solar reflec-
tions flagged during early design as a traffic disabil-
ity glare population dosage risk were successfully
mitigated with facade treatments. Implications of
facade solar reflectivity mitigation for building en-

ergy consumption are discussed.
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Nomenclature

Symbols

(@) Threshold contrast

d: Diameter of an image projected onto
the retina (m)

dp Daylight adjusted pupil diameter
(m)

Ec Corneal plane illuminance (lux or Im/

Ec Corneal plane irradiance (W/m?)

E: Retinal plane irradiance (W/m?2)

f Eye focal length (~0.017 m)

k 10 by convention

K Luminous efficacy (Im/W)

Lb Background luminance (cd/m?)

L Target luminance (cd/m?)

Lv Veiling luminance (cd/m?)

0 Angle between the glare source and
a receiver line of sight (°)

T Ocular transmission coefficient

) Specular incident and reflected
angle relative to facade in plan (°)

Q Subtended angle of glare source in
steradians (sr)

® Subtended angle of glare source in
radians (rad)
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