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ABSTRACT: Highly reflective and specular building envelopes have been widely adopted to help maximize energy 

performance of buildings and to achieve occupant thermal and visual comfort. This strategy has ensured these benefits 

inside the building envelope while making a significant and sometimes unintended impact outside the building envelope. 

Reflected sunlight from specular building envelopes can cause discomfort glare to people outside buildings. It is 

important to investigate exterior glare issues caused by specular material characteristics. This often parallels, but is 

distinct from, thermal issues resulting from radiant gain. Preliminary exterior glare scene documentations were 

performed in downtown Los Angeles to understand existing problems. Human subject study was performed in an 

outdoor research setting. High dynamic range (HDR) imaging was used to capture and evaluate different levels of 

discomfort glare. A HDR image analysis tool was developed in MATLAB to analyze digitally captured exterior glare 

scenes and to visualize glare sources in the field of view. Collected subjective evaluation data and captured glare scenes 

were statistically analyzed to prove the existence of exterior glare problems. Perceptible and disturbing glare levels 

were experienced by the subjects, and strong correlations were found between human visual discomfort and excessive 

sunlight reflections from specular building envelopes. 

Keywords: exterior glare, visual discomfort, building envelope, reflected sunlight, specular, high dynamic range 

imaging, luminance, human subject study 

 

 

INTRODUCTION 

While the drawbacks of offensive sunlight inside the 

building envelope have been addressed by many 

researchers and professionals, sunlight reflected by 

specular building facades has not received as much 

attention. It can be difficult to define discomfort glare 

outside buildings, but most people experience it daily. 

Glare can come from direct view of the bright sun in the 

clear sky, or from a strong glint from a shiny surface, like 

a highly polished car or a sparkling water feature. Such 

glare can obscure the vision after exposure. Exterior glare 

can become an issue in road safety, as bright or badly 

shielded light sources around roads may partially blind 

drivers or pedestrians unexpectedly and contribute to 

traffic accidents.  

People can experience exterior glare problems from 

highly specular materials, such as the glass or polished 

stainless steel of exterior building facades. Some 

buildings that are designed for the purpose of decreasing 

solar heat gain are built with highly reflective exterior 

skins, sometimes with unique geometries that reflect a 

high percentage of incident sunlight toward the outdoor 

environment; these are much more likely than traditional 

buildings to make neighbors and public spaces visually 

and thermally uncomfortable (Figure 1). The east façade 

is not supposed to receive any direct sunlight from the sun 

positioned in the west, but the image clearly shows strong 

illumination patterns projected onto the façade. Reflected 

sunlight such as that shown in Figure 1 often comes 

within the pedestrian or driver’s field of view from 

unexpected directions.  

 

 
Figure 1: Examples of reflected sunlight pollution in downtown 

Los Angeles: a) a south-facing facade with a highly reflective 

glass; b) reflected sunlight on an east façade of the neighboring 

building in the late afternoon; and c) a shadow created by 

reflected sunlight off a building, not by the sun 
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In a city, there is also the possibility that one will 

experience multiple or intensified glare effects, especially 

with unique building facade geometries such as concave 

or saw-tooth shapes. Concave façade surfaces with 

specular materials can cause perceptible hotspots in the 

streetscape and even result in sunlight concentrations that 

blind pedestrians or drivers. It can pose a serious threat to 

the drivers of automobiles, as even a brief distraction can 

result in serious consequences. There is certainly growing 

concern about the problems caused by reflected sunlight. 

Thus, it is necessary to use a validated evaluation 

methodology when considering the effects of building 

façade on outdoor environments. 

Unlike discomfort glare occurring inside building 

envelopes, exterior glare caused by specular building 

envelopes has not yet been defined [1]. Therefore, it is 

important to make a clear definition of exterior glare. 

Exterior glare is unwanted sunlight reflection and 

concentration from specular building facades that causes 

thermal and visual discomfort. This is similar to the 

concept of light trespass or light pollution, which is an 

unwanted additional artificial illumination on 

neighboring sites at night. While light trespass and 

pollution affect visual comfort or performance at night, 

exterior glare affects thermal comfort, visual comfort, or 

both during the day. While light trespass has been well 

addressed and incorporated in current building codes, 

standards, and design guidelines, the exterior glare issue 

has not been as well covered.  

 

 

EXISTING PROBLEMS 

Exterior glare occurs mostly from vertically curved or 

tilted building facades with high specularity and 

reflectivity. When direct sunlight bounces off a specular 

building façade at an angle to intercept a viewer’s eye, it 

is perceived as a high luminance glare source. It often 

causes thermal and visual discomfort simultaneously. 

Several studies and reports have addressed the potential 

danger of reflected sunlight from highly reflective or 

specular building facades [2, 3, 4, 5, 6]. 20 Fenchurch 

Street in London has a concave specular façade that 

reflects and concentrates strong sunlight onto the ground 

and neighboring buildings [5, 18]. The Vdara Hotel in Las 

Vegas creates significant sunlight reflection from the 

south facades of the building, which has become a serious 

concern to the health and comfort of hotel customers. The 

building’s concave geometry concentrates the reflected 

sunlight into its own swimming pool deck areas, and one 

hotel guest experienced severe thermal discomfort from 

the focused reflected sunlight. The hotel had anticipated 

a strong sun reflection and placed a thin film over the 

windows that reduced the reflection by 70 percent. 

However, the treatment did not alter the specularity of the 

facade and therefore was not enough to avoid the 

problem. Finally, the hotel decided to put larger and 

thicker umbrellas on the pool deck to protect their guests 

from the strong sunlight reflection until a permanent 

solution was found [6]. Another example of discomfort 

caused by exterior glare is the Walt Disney Concert Hall 

(WDCH), which is located in downtown Los Angeles. 

After its completion in 2004, residents in a neighboring 

condominium started complaining about excessive 

thermal discomfort caused by some of the specular 

facades of the WDCH (Figure 2). Different from the other 

two cases that addressed only thermal discomfort issue, 

an extensive study examined how serious were the 

WDCH’s thermal and visual discomfort glare issues. 

Ground temperature and mid-air radiant temperatures 

were recorded. The maximum reading of a piece of black 

foam core was in excess of 300° F (150° C) at the 

curbside around the building. Serious visual discomfort 

was evaluated. After a thorough evaluation study, a glare 

remediation method was employed on the Founder’s 

Room and REDCAT marquee, which are located near the 

Promenade Condominiums [7, 8]. In 2007, another 

investigation was performed to re-examine these issues 

after the surface treatment. It was found that thermal 

discomfort was not relieved, although the remediation 

had relieved the visual glare issue [9]. As shown in these 

examples, the exterior glare problems exist but there is no 

validated methodology to quantify or predict the 

problems.  

 

  

Figure 2: Walt Disney Concert Hall and reflected light onto 

Promenade condominium. 

Source: Schiler 2004, p.2.  

 
 

EXTERIOR GLARE CHARACTERISTICS 

Discomfort glare caused by reflected sunlight can be 

considered similarly to glare from the sun. However, 

there are several unique characteristics of reflected 

sunlight that differentiate it from the sun as a discomfort 

glare source. First, reflected sunlight is sometimes 

unexpected in terms of when and where it occurs, 

whereas the sun’s path is predictable. Most reflected 

sunlight occurs by a new building development with 

highly specular building facades, and people who did not 

have problems with exterior glare before the completion 

of a new building will be stuck experiencing unwanted or 

unexpected visual and thermal discomfort from the strong 

sunlight reflection [4, 7, 8, 9].  

Second, reflected sunlight is difficult to predict in 

advance using current daylighting analysis tools such as 

heliodon, computer simulation software, and a sundial 

since it interacts with the surrounding buildings. To 
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locate potential glare sources, one must check 

neighboring buildings with high reflectance and or 

specular facades, considering the sun’s movement and 

building facades at the same time. Neighboring building 

locations and building geometry become crucial factors, 

and the analysis procedure is very intense.  

Third, reflected sunlight can be concentrated by a 

unique building geometry. As explained in the examples 

above, a concave building façade can focus sunlight 

reflection into a small area and cause excessive increases 

of light and temperature intensity that seriously affect 

human health and comfort. It can also damage aspects of 

neighboring properties, such as landscaping.  

Reflected sunlight is typically polarized, as opposed 

to the original direct beam.  This has little effect at the 

building scale, but might be considered in some of the 

possible solutions.  

There have been growing concerns about reflected 

sunlight problems, especially in dense cities with lots of 

glazed, high-rise buildings. It is difficult to prove whether 

reflected sunlight can seriously deteriorate human 

comfort in neighboring buildings or public outdoor 

spaces. Yet, it is acknowledged that building facades have 

huge impacts on an occupants’ visual and thermal 

comfort, so it is not difficult to imagine that they would 

also cause huge impacts on human comfort for those who 

are outside of a building [1, 2, 3, 4, 7, 8, 9]. Therefore, it 

is important for designers to be aware of the 

consequences of highly specular building façade 

materials and the consequences of unique geometries in 

new building construction.  
 
 

PRELIMINARY ANALYSIS 

The glare scene in Figure 1 and 3 was captured in 

front of a bakery and restaurant across a street from the 

glass building. Due to the building geometry, there are 

multiple reflections to a building located on the west of 

the building while it was still causing very serious glare 

in the south-east direction. Based on HDR image 

analysis, the glare source (the hot spot in the middle of 

the façade) luminance ranges from 16,412 cd/m2 to 

258,000 cd/m2 which can possibly cause serious 

discomfort glare issue regardless of contrast. However, it 

is still hard to quantify the problem as there is no 

validated exterior glare evaluation method yet.  

In front of the bakery, the authors have experienced 

not only serious visual discomfort but also excessive 

thermal discomfort from the reflected sunlight. Inside the 

bakery, the reflected sunlight penetrated very deep into 

the space with a low incident angle with potential 

problems to customers inside. 

 

 
Figure 3: Exterior Glare Case: Absolute Glare Thresholds and 

Daylight Glare Ratio 

 

HUMAN SUBJECT STUDY METHODOLOGY 

A human subject study was undertaken to discover 

correlations between visual discomfort and exterior glare 

caused by specular buildings facades. A number of 

precedents have been reviewed prior to the research 

method development [10, 11, 12, 13, 14, 15, 16].The 

analysis of different exterior glare scenes was used to find 

hypothetical absolute luminance thresholds and contrast 

ratios. These were used as a basis to analyze the data from 

the exterior glare human subject study. The visual 

discomfort experienced by participants in the research 

setting is the sole result of reflected sunlight, rather than 

glare contributed or caused from the sun or artificial light 

sources. HDR imaging technique was used to capture the 

visual environment information that was experienced by 

human subjects. A MATLAB code was specifically 

developed to analyze the captured HDR images. None of 

the recruited subjects has vision-related illness or color 

blindness. Ishihara color deficiency test plate was 

specifically used to avoid any subject with color 

blindness.  

Glare scenes were captured by HDR imaging with the 

following four pieces of equipment: Nikon Coolpix 4500 

Camera, a Nikon FC-E8 lens, and a tripod. A luminance 

meter (Cooke cal-SPOT 401) was use to measure actual 

luminance values while capturing the HDR images. The 

luminance values obtained by the luminance meter were 

used as a known luminance value to calibrate the HDRI 

luminance information in Photosphere [17]. Four sets of 

Li-Cor LI-201SZ photometric sensors and HOBO sensors 

were used to record horizontal/vertical illuminance, 

temperature, and relative humidity levels in the research 

setting while performing the human subject study. The 

equipment was carefully calibrated and normalized prior 

to the study. 

An outdoor patio located between two five story 

buildings—one on the north side and one on the south 
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was chosen. The building on the south side blocks the 

sunlight from hitting the outdoor patio area, and the 

building on the north side reflects sunlight from its south 

facing glass facades. Extreme thermal discomfort issue 

were avoided in the research setting since subjects 

received only reflected sunlight from the north while 

receiving no direct sunlight from the south. Furthermore, 

the research setting isolated reflected sunlight as the only 

potential glare source that subjects could experience 

during tests as the sun was not in direct view at all.  

Two lighting conditions were tested: reflected 

sunlight in the field of view (FOV) and no reflected 

sunlight in the FOV. Subjects were asked to perform three 

different tasks under each lighting condition: no-task, 

reading an iPad, and reading a paper book. There are two 

potential glare sources: one from the building façade and 

the other one from the table (Figure 4). As the sun hits the 

building façade, its specular windows reflect the sunlight 

toward the research setting. Once the reflected sunlight 

arrives at the table, the specular table reflects it toward 

the subjects. The iPad’s screen brightness was set to 

maximum (410 cd/m2 for white) to minimize veiling 

reflection. The setting was not altered in any way during 

the study. The order of exposure to the two lighting 

conditions was switched in order to avoid the same 

chronological lighting condition pattern.  

 

RESULTS AND ANALYSIS 

More than 84 HDR images were captured from the 

human subject study; six different scenes captured by the 

HDR technique for a single test set (Figure 4).  Each test 

included two different lighting conditions with three 

different tasks per each lighting condition.  

 

 
Figure 4: Six different HDR images processed in MATLAB; the 

red fields indicate potential glare sources as calculated in 

MATLAB 

 

The captured HDR images were analyzed with the 

MATLAB program to calculate the values of minimum 

luminance, maximum luminance, mean background 

luminance, glare source luminance range, mean glare 

source luminance, glare ratio, and glare size. The 

calculated values from the captured HDR images were 

then compared to the subjective evaluations from the 

surveys. 

 

Percentage of Subject Glare Sensations and Visual 

Comfort 

The collected data was first checked to see if human 

subjects experienced visual conditions that cover all four 

glare categories. The percentages describing the 

frequency of each glare category identified by subjects 

were plotted in Figure 5. Of all the scenes, 36% were 

evaluated as having perceptible glare and 13% were 

evaluated as having disturbing glare. No intolerable glare 

was identified by the subjects. Possible reasons for the 

lack of intolerable glare are as follows: 1) subjects are 

generous when rating exterior glare issues; 2) reflected 

sunlight is not bright enough to be intolerable; 3) the 

setting did not provide intolerable glare scene for subjects 

to experience; and 4) the high background light levels in 

outdoor environment. Even though there were no 

intolerable glare experienced in the study, it is important 

to note that subjects evaluated perceptible and disturbing 

glare for many scenes. Thus, exterior glare issues from 

specular building envelopes do exist, even though they 

are not evaluated as intolerable.  
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Figure 5:Percentages of exterior glare sensation by subjects. 

 

The percentages of different visual comfort levels 

experienced by subjects are shown in Figure 6. A seven-

point Likert scale was used to assess visual comfort 

levels. Visual comfort levels are well distributed from 

negative 3 to positive 3. Most responses are shown at 

negative 1, positive 1, or positive 2. It is interesting to see 

that negative 3 received 2.5% of total responses, but 

subjects still did not consider these scenes to have 

intolerable glare.  Based on the subjective responses on 

various questions, it was confirmed that subjects were 

able to experience various visual comfort levels in the 

study.  
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Figure 6:Percentages of subjects’ visual comfort levels. 

 

ANOVA Test: Subjective Response Consistency 

One-way ANOVA test was performed to compare 

glare levels and glare categories in Figure 7. 

Imperceptible glare ranged from 0 to 0.3, perceptible 

glare ranged from 0.4 to 1.4, and disturbing glare ranged 

from 1.5 to 2.5. In this ANOVA test, p-value is 0.000 with 

95% confidence and the coefficient of determination 

value is 90.83%, which supports the idea that this glare 

level categorization will be effective for most future data. 

This analysis confirms the linear relation between glare 

levels and glare categories which shows consistency in 

subjective responses.   
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Figure 7:One-way ANOVA comparing glare level and glare 

sensation category (CI = 95%, F = 391.25, P = 0.000, R-sq = 

90.83%, R-sq(adj) = 90.60%, StDev = 0.2022) 

 

Another one-way ANOVA test was performed to 

check whether or not subjects’ answers concerning visual 

comfort level are consistent with their glare category 

rating for the same exterior scene (Figure 8). If ANOVA 

test results prove the consistency, subjective glare ratings 

can be analyzed further using the captured HDR images. 

This procedure can assure that each subject is using a 

consistent set of standards to evaluate visual comfort and 

glare category. P-value is 0.004 with 95% confidence, 

and the coefficient of determination value for this 

comparison is 13.14%. This p-value indicates that the 

differences between the group means are statistically 

significant. The visual comfort range for imperceptible 

glare is between -2 and 3 while its mean value is positive 

0.92 (visually comfortable). It is interesting that the 

subjects categorized some visually uncomfortable scenes 

as imperceptible glare. One potential reason is that the 

subjects were more tolerant in an outdoor environment. 

Future study is required. Perceptible glare was indicated 

between visual comfort levels -3 and 3 with its mean 

value of 0.23 which is very close to neutral. This data 

shows that perceptible glare can be either visually 

comfortable or uncomfortable. Again, it is difficult to 

conclude with the current data why this happened, but it 

could be an interesting topic for future study. Disturbing 

glare sits between visual comfort level -3 and 1, with the 

mean value of negative 0.81 (visually uncomfortable). 

This shows that discomfort glare categories are well 

correlated to visual discomfort levels.  
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Figure 8:One-way ANOVA: Visual comfort level vs. glare 

category (CI = 95%,F = 5.98, P = 0.004, R-sq = 13.14%, R-

sq(adj) = 10.94%, StDev = 1.542). 

 

These ANOVA tests deliver the following two 

findings: subjective responses for visual comfort levels 

and glare categories are strongly correlated, and subjects 

did not experience intolerable glare issues during the 

study.  

 

Glare Source Detection Comparisons 

The captured HDR images were compared to the 

surveyed visual maps to check whether or not the 

automatic glare detections in the HDR images matched 

the subjects’ glare detections. Potential glare sources can 

be detected by assessing the captured HDR images or 

simulated PIC files using a relative luminance threshold 

that is five times the background mean luminance value. 

It is also possible to use an absolute luminance value to 

detect glare sources, instead of using a multiplier.  

The glare detection accuracy of no-task, iPad reading 

task, and paper reading task scenes was thoroughly 

compared for both the visual maps and the processed 

HDR images (Figure 7). The top images show an FOV of 

a subject sitting in a chair facing the south windows, 

which reflected sunlight toward the subject. The subject 



PLEA2016 Los Angeles - Cities, Buildings, People: Towards Regenerative Environments, 11-13 July, 2016 

 

detected two glare sources: one on the windows and the 

other on the top of the table (top left in Figure 7). This 

particular scene was evaluated as having perceptible 

glare.  

The bottom images show an FOV that is 90-degree 

oriented toward the right from the first field of view. This 

FOV was intended not to include any potential glare 

sources. Subjects evaluated this scene as having 

imperceptible glare. For the FOV with reflected sunlight, 

the multiplier “5” accurately detected glare sources that 

match the glare sources marked up on the visual map, 

even though glare source sizes are somewhat different. 

The FOV without glare shows that the processed HDR 

image detects completely different glare sources than did 

the subjects. The processed image shows large potential 

glare sources on the exterior walls, whereas nothing was 

marked on the subject’s visual map. Glare sources are 

nearly always detected in the HDR images when using 

the multiplier, regardless of the existence of discomfort 

glare. These automatically detected glare sources do not 

necessarily indicate that there is a discomfort issue, but 

they might confuse users into thinking that there is. This 

suggests that a combined method using both a multiplier 

and absolute luminance thresholds should be considered 

to effectively identify potential glare sources. Further 

study is required.  

 

 
Figure 7: Glare source detection example in the no-task 

condition 

 

To summarize, the potential glare source locations in 

the visual map match those of the automatically detected 

glare source locations in the HDR images when there is a 

strong glare source in the field of view. However, glare 

source sizes do not always match between the visual maps 

and the HDR images. As mentioned above, both the 

multiplier and luminance threshold should be utilized to 

give users more accurate graphical representations of 

glare source detections. Therefore, it is important to 

define luminance threshold values for exterior glare 

issues.  

The collected data in this study was not statistically 

significant to define absolute luminance thresholds in 

regards to discomfort glare levels. Further study is 

required to define thresholds for different glare categories 

and to eventually develop an exterior glare analysis 

methodology which can accurately quantify its visual 

impact on people.  

 

 

CONCLUSION 

Reflected sunlight from specular building envelopes 

could cause visual discomfort to people who simply rest 

or read outside a building. Intolerable glare was not 

experienced by the subjects, but they still reported visual 

discomfort from imperceptible to disturbing glare. The 

correlations between visual comfort and glare levels were 

statistically verified. Also, actual glare source locations 

and sizes were confirmed with the help of the visual 

maps. It was determined that a combined method using 

both the multiplier and the absolute luminance thresholds 

should be developed to accurately identify potential glare 

sources in field of views. All the findings indicate that 

exterior glare exists, and it can certainly be an issue for 

those outside a specular building envelope. The use of 

highly specular building façade materials in unique 

geometries requires special attention to avoid the issue.  

It is still unknown why the subjects became more 

tolerant to visually uncomfortable scenes in outdoor 

environments. Exterior glare has its own unique and 

complex situations that require customized research 

approaches: ambient temperature, humidity, wind, noise, 

pollutants, and privacy are very hard to control outside a 

building and these factors can affect subjective responses. 

It was difficult for the subjects to differentiate the causes 

and results of discomfort when multiple uncontrollable 

factors mingled to cause a certain discomfort level.  

A new evaluation method should be developed 

specifically for exterior glare issues. The development of 

an exterior glare analysis method would help new and 

existing specular building façades to avoid causing 

serious visual discomfort to neighbors, pedestrians, and 

drivers. Also, this would ensure more visually pleasing 

and comfortable outdoor environment.  
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