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ABSTRACT: Internal, multi-story atria present an opportunity to harvest daylight as well as
create connections to the outdoors in commercial and educational buildings. They also have
the potential to help moderate well-being for occupants and provide informal gathering spaces
that form social interactions for buildings’ users. Despite the increased deployment of atria in
contemporary, sustainable buildings, there is a lack of studies investigating the relationship
between atrium design strategies, expected outcomes, and their realized impacts on
occupants’ comfort, health, and experience. The intent of this paper is to investigate the
effectiveness of two different atria typologies in two LEED campus buildings from both building
performance and occupants’ perspectives. A comparative field study was conducted in these
two buildings to assess how the shape, form, orientation, and geometry of the two atria
impacted daylighting autonomy, glare, chronobiological light response, occupants’
perceptions, and functional use of both spaces.

This paper concludes with insights on the relationship between daylighting design metrics
employed in practice and their consequential impacts on the real space as perceived by the
occupants. It attempts to answer whether an atrium that meets building performance standards
necessarily translate to a healthy indoor environment and positive human experience. Results
from this study suggest that atrium design can be optimized to balance daylight quantity and
quality through prescribed design parameters. However, the success of the design with the
intent of a space that encourages social interaction requires more attention to human behavior,
atrium function, and typology.
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INTRODUCTION

To achieve sustainable design strategies in green buildings, designers are becoming
increasingly interested in employing effective daylighting design in their buildings. Introducing
daylight into a building’s deep core can offset electric lighting loads. This is usually achieved
with employing different atrium designs. An atrium can be defined as a multi-storied covered
light well in a building, usually with a skylight. These specific atrium typologies have gained
popularity because they not only allow daylight to reach core areas that cannot be reached
by generic side lighting strategies, but they also create a social center and an intermediate

state between inside and outside spaces in buildings.

Building science researchers have extensively measured daylight parameters with regards to
meeting instrumental energy efficiency and visual comfort benchmarks. Though these
buildings may excel in performance as per benchmark requirements, how does this translate
to an overall success of the atrium design? These atriums are intended to create spaces for
social interaction. If occupants are to spend extensive periods of time in these spaces,
shouldn’t there be more assessments of the spaces with regards to occupant well-being rather
than just instrumental metrics that fulfill other requirements in sustainable designs? This paper
compares and contrasts the performance of two atrium types in LEED certified buildings
pertaining to both the instrumental building performance parameters and those parameters
concerning occupant well-being. It aims to highlight the difference and importance of
addressing both aspects when designing atriums.
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1.0. ATRIUM DESIGN

1.1. Atrium allometry

An atrium, open air or skylight covered, is a product of modifying many variables. Parametric
studies have investigated the effects of modifying its shape, form, orientation, and geometry.
Buildings, regardless of their typology, tend to be oriented parallel or perpendicular to streets.
Older cities had no grid patterns or planned street systems. This resulted in a large variety of
atrium orientations due to organic growth and unplanned development. New, planned and
systematic cities comprise of streets that followed cardinal points (North - South, East - West).
Thus, atriums started to follow those axis with an occasional 45° tilt off the cardinal points for
a more evenly distributed amount of sunlight on all facades when desired (Reynolds
2002).Decisions regarding which orientation is optimum should be based on which functions
are zoned on the long and short sides of the building. The assessment should also consider
which aspect is more problematic: winter heating or summer cooling. Spaces are then
allocated more precisely within buildings with respect to seasonally and hourly changes
according to the effect of solar radiation (Moradchelleh 2011)

Quadrilateral atriums can be elongated in different directions. Plans elongated North-South
have longer walls facing East and West. These receive direct sun across the length of the
courtyards around noon but can be partially shaded by the long walls during the earliest and
latest hours of the day. This is typically ideal in hot and dry climates where courtyards are
commonly oriented between Northeast-Southwest and North-South. Atriums have been used
in buildings in a variety of geometries and may also take on the form of non-quadrilateral
shapes: pentagonal, hexagonal, heptagonal, octagonal and even irregular cases. These have
an adverse effect on shading. Parametric studies have analyzed the effect of increasing the
number of sides of atrium wall enclosures and the results indicate that the percentage of
shaded areas decreases with the increase of number of walls in the geometry (Muhaisen and
Gadi 2006).

The height to width proportions of an atrium’s enclosure play a role in regulating the
microclimate within a building. Simulations investigating ambient air temperature changes in
atriums indicate that with the increase in height of wall enclosure, temperature decreases
significantly by as much as 30°C. This is due to the fact that direct solar radiation is blocked
during specific hours of the day (9:00 to 18:00), resulting in larger shaded areas which are
critical to prevent overheating in hot climates. However, when the sun is directly above the
atrium, with a low solar zenith angle (12:00 to 15:00), thermal conditions may be
uncomfortable. Higher walls reduce the sky view factor within the courtyard and compromise
illumination levels. A balance should be optimized between thermal comfort and illumination
levels whilst considering human subjective assessments and objective measurements since
occupants may be more tolerant to some thermal conditions due to psychological adaptation.

On the other hand, it has been noted that atriums with low surrounding walls worsen the
condition indoors than outdoor areas in hot climates. This can be explained with simulations
that show that low walls do not block the sun at all, so there is no shading. Furthermore, though
these low enclosure walls may not block sun, but they do in fact block wind in exposed atriums
and so reduced wind speed minimizes comfort. Ideally, cold climates would decrease the
height to one level (1:6). Temperate, hot and dry climates would increase the height to two
levels (2:1). Hot and humid climates tend to increase the height to three levels (3:1) by following
the imperative that the use of deep courtyard forms are beneficial for hot climates and shallow
courtyards work best in cold climates (Ghaffarianhoseini, Berardi, and Ghaffarianhoseini
2015)..

1.2. Occupant behavior and spatial analyses

Architecture plays a major influential role in how much light exposure a building occupant
receives and how an occupant might behave inside buildings, respectively. On a large exterior
scale, light penetrating a building’s interior can be predetermined based on the surrounding
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environment’s exterior geometry. This can be mediated with the building’s orientation and
fagade design by altering window parameters: ratio, size, position, glazing type and whether
shading devices will be allocated. On a smaller interior scale, light penetrating the building’s
envelope is either enhanced or diminished based on the indoor profile, surface properties and
interior reflectance. Designers can also modify indoor light exposure through the use of electric
lighting. They specify the lamp type, spectral properties and position. Occupants have the
freedom to distance themselves from certain light sources and based on the degree of control
they have on indoor lighting controls.

Access to daylighting in a building can impact human behavior in spaces. Many of the methods
of spatial analysis and indoor space modeling explore the dichotomy between the social
(human occupants) and physical (building fabric and structure) parameters of human
occupancy and use of space. They investigate the general patterns of usage including
movement and flow within a building, as well as physical analyses to improve usability of a
building (Worboys 2011). The concept of the depth of building zones should not be simply
interpreted as the accessibility of a space but more fundamentally, its connectivity. This is
especially important when assessing an occupant’s exposure to available daylight, for the
space-to-space permeability and the relation of visibility which passes through connected
spaces. This can be assessed using computer simulation methods where the resulting axial
lines in an axial map can be regarded as the fewest number of visual paths in the existing
space where each intersection plays as a turn of sight, which becomes a depth (Kim et al.
2008). The spatial and functional differences between spaces that we find through the analysis
of permeability in the building also appear in the analysis of visibility. Two of the measures
Benedikt (1979) focused on in particular were the area of the isovist which describes the total
amount of area visible from a point and the perimeter length of the isovist boundary which
describes how quickly the view changes as you leave the point. These measures quantify
different aspects of how a person may experience the space, and together give a fuller
description of their exposure to daylight. This highlights the importance of investigating vertical
illuminance at different orientations to better understand the daylight potential of a space.

1.3. Daylight performance metrics and occupant well-being parameters

As previously discussed, various atrium configurations impact daylight availability within
buildings. This can be measured with instrumental daylight metrics, as often used by the
design industry, to assess the building’s performance. The most familiar and widely used
photometric unit of measure for light is photopic lux. It quantifies illuminance, the total power
of light falling on a detector surface from any direction as perceived by a standard human
observer (Serra 1998). What primarily started as a means to assess the daylight conditions
needed to provide minimally adequate daylight levels in Europe resulted in the development
of one of the earliest metrics for daylight performance. The Daylight Factor (DF) is the ratio of
internal illuminance at a point in a building to the unshaded, unobstructed, external horizontal
illuminance under standard CIE overcast sky conditions - expressed as a percentage (Moon
1942). An average DF of 2% across a given space is usually required for it to be considered
sufficiently daylit. This metric, which was not developed with the intention to accurately assess
daylight performance, does not account for different sky conditions and is not sensitive to
building orientation, geographic location, or sun position. To address the shortcomings of this
overly simplified metric, more complex hourly daylight metrics were developed and adopted.
Daylight Autonomy (DA), first defined by Reinhart (2004), is the percentage of occupied times
of the year when a minimum work plane illuminance threshold of 500 lux can be maintained
by daylight alone. It uses work plane illuminance as an indicator of whether there is sufficient
daylight in a space so that an occupant can work by daylight alone. This metric is somewhat
problematic as it proposes binary thresholds which might unjustly differentiate spaces based
on measurements of light changes that may not be perceived by the human visual system.
This was further developed and standardized to what is known as Spatial Daylight Autonomy
(sDA) which is a percentage of an analysis area that meets a minimum horizontal daylight
illuminance level for a specified fraction of the operating hours of the year (Heschong et al.
2012). A commonly used benchmark is to achieve 300 lux for 50% of the time.
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Since the common measurement of illuminance, photopic lux V(A), describes the spectral
sensitivity of one aspect of human cone-based vision, these photopic units have limited utility.
The spectral sensitivities of the visual and non-visual systems (555 nm and 490 nm,
respectively) are different. Thus, illuminance based photopic lux metrics are not appropriate to
evaluate non-visual responses. Researchers and professionals in the field have resorted to
developing a set of metrics, simulation, field study methods and technological tools for new
daylight health effective modes of measurements.

The biological effects of light on humans are usually translated from spectral power
distributions and measured in equivalent melanopic lux(EML), a proposed alternate flux
density metric that is weighted to the intrinsically photosensitive retinal ganglion cells (ipRGCs)
luminous efficiency function, which peaks at 490 nanometers and is based on the action
spectrum of melanopsin - instead of the cones’ photopic luminous efficiency function V(A),
which peaks at 555 nanometers and is based on the response of foveal, long and middle-
wavelength sensitive cones, which is the case with traditional lux (Enezi et al. 2011). This
translation is used to understand how much the spectrum of a light source stimulates ipRGCs
and affects the circadian system.

The equivalent melanopic lux metric has been adopted by the WELL Building Standard
(Institute 2017) which was launched in October 2014 by The International WELL Building
Institute. This standard is commendable as it not only assesses the design and operations of
buildings much like the predominant rating systems, but it, more importantly, looks at how they
impact and influence human behaviors related to health and well-being. The light category in
the WELL standard aims to “minimize disruption to the body’s circadian system, enhance
productivity, support good sleep quality and provide appropriate visual acuity”. For work areas,
they should meet at least one of two requirements: (1) At 75% or more of workstations, at least
200 equivalent melanopic lux is present for at least the hours between 9:00 AM and 1:00 PM
for every day of the year. (2) For all workstations, electric lights provide maintained illuminance
on the vertical plane of 150 equivalent melanopic lux or greater. In living environments such
as bedrooms, bathrooms, and rooms with windows, one or more fixtures should provide 200
or more equivalent melanopic lux. Lights in workplace breakrooms are required to maintain an
average of at least 250 equivalent melanopic lux. They may be dimmed in the presence of
daylight but should be able to independently achieve these levels. Learning environments need
to meet at least one of two requirements: (1) At least 125 equivalent melanopic lux is present
at 75% or more of desks, for at least 4 hours per day for every day of the year. (2) Ambient
lights provide maintained illuminance on the vertical plane of equivalent melanopic lux greater
than or equal to the lux recommendations in the Vertical (Ev) Targets of the American National
Standards Institute and llluminating Engineering Society IES-ANSI RP-3-13.

The Lighting Research Center at Rensselaer Polytechnic Institute has also proposed a metric,
known as “the circadian stimulus” for applying circadian light in the built environment (Mariana
Figueiro 2017). It uses irradiance weighted by the spectral sensitivity of every retinal
phototransduction mechanism that stimulates the biological clock, as measured by nocturnal
melatonin suppression. The metric is derived from a transformation of circadian light into
relative units, from 0 to the response saturation of 0.7, and is directly proportional to nocturnal
melatonin suppression after one hour of light exposure (0 to 70%). The recommended levels
aim for a circadian stimulus greater than 0.3 during the day and less than 0.1 in the evening.
A circadian stimulus calculator is also made available online for lighting professionals to enable
them to convert the photopic illuminance at the eye provided by any light source and level, into
the effectiveness of that light for stimulating the human circadian system (Rea and Figueiro
2016, Rea et al. 2010).

2.0. FIELD STUDY SETTINGS

The aim of this study is to compare the daylighting performance of two different atria
geometries inside two educational buildings of similar size and spatial typologies yet different
atria geometries. Both buildings excel in sustainable design strategies employed, green
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technologies and have accomplished LEED certifications. The two buildings selected for this
study are: The Lewis Integrative Science Building (LISB) which has achieved LEED Platinum
certification and Lillis Business Complex which has achieved LEED Silver certification. Both
buildings are located at the University of Oregon Campus, Eugene, Oregon. They both claim
to incorporate atriums to enhance daylight availability and encourage social interaction. This
study assesses how these two different atria typologies but with similar goals perform
differently in terms of daylight availability for visual task needs and occupant well-being.

£ F B .
Figure 1. Interior shot of the East-West oriented Figure 2. Interior shot of the South curtain wall
rectangular atrium in Lewis Integrative Science and central atrium in Lillis Business Complex
Building (Author, 2019) (Author, 2019)

The Lewis Integrative Science Building (LISB), opened in 2012, is home to research oriented
to human brain, molecular biology, nanotechnology and solar energy. The building, with an
area of 107,000 gross square feet, consists of four occupied stories, a subterranean level and
a fifth floor which contains mechanical equipment. It is comprised of faculty offices as well as
office space for graduate and post-doctoral students, collaboration and meeting spaces and
more than 30,000 square feet of wet labs, dry labs, an MRI facility, ERPS booths and other
instrument labs. It was designed by HDR Inc. and THA Architects with the design intent to
achieve LEED Platinum certification by incorporating energy savings including solar shading,
daylight harvesting, night flush cooling, immense solar panels, and heat from an adjacent utility
tunnel. The research facility uses about 58 percent less energy than conventionally designed
buildings of similar size and function. The primary component of interest in this building is the
four-story, rectangular atrium elongated in an East-West orientation. This serves as the heart
of the building for circulation, to encourage interaction between scientists from different
disciplines and allows daylight to penetrate the building from within.

Lillis Business Complex, opened in 2003, houses the University of Oregon’s College of
Business. The building, with an area of 196,500 gross square feet, consists of four occupied
stories comprised of classrooms, lecture halls, computer labs, conference rooms and offices.
It was designed by SRG Partnership with the design intent to achieve LEED Silver certification
and incorporates one of the largest solar installations in the Northwest and one of the
pioneering uses of photovoltaic solar glass in the world. The building design and configuration
helps it achieve maximum energy efficiency, exceeding state energy code requirements by
more than 40 percent. Much like LISB’s atrium the atrium in Lillis Business Complex is the
heart of social interaction, circulation and daylight penetration. However, rather than being
elongated, this typology is more central with flanking zones.
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The study was conducted on a typical morning and afternoon day of ASHRAE climate zone
4C, characterized with overcast sky conditions. llluminance levels and spectral power
distribution measurements were taken at several points within the atriums on both the
horizontal plane and vertical plane at the North, East, West and South cardinal points. HDRI
photographs were also taken to further analyze the space throughout the full day. The results
from this luminous environmental analysis were interpreted by computing visual comfort and
chronobiological light metrics. Metrics computed included: Daylight Factor (DF), Daylighting
Autonomy (DA300), Annual Solar Exposure (ASE), Daylighting Glare Probability (DGP),
Circadian Stimulus (CS) and Equivalent Melanopic Lux (EML).

3.0. RESULTS

Findings related to both atria performance are broken down into three analyses: daylight factor
and illuminance levels, circadian stimulus, and equivalent melanopic lux metrics. Each location
point reports the measurements for both the horizontal plane and vertical plan at at the North,
East, West and South cardinal points for the morning (9-11am) and afternoon (1-3pm) hours.
In the tables, cells that are shaded in gray indicate that measurement did not meet the
benchmarks. The daylight factor benchmark was set at 2%, illuminance levels at 300 lux,
circadian stimulus at 0.3 and equivalent melanopic lux at 250 EML.

llluminance levels measurements taken on the horizontal plane tend to be greater than those
in the vertical plane facing different directions. This misconception can be misleading to
designers as they make assumptions that meeting the 300 lux benchmark for the horizontal
plane is sufficient. Some tasks require occupants to look in different vertical directions, this
requires designers to different views and planes into consideration. It is also noted that meeting
the 300 lux benchmark is not a strong indicator of maintaining the 0.3 circadian stimulus or the
250 EML benchmarks. Both circadian stimulus and equivalent melanopic lux biological
benchmarks appear to be more difficult to meet than the visual task illuminance level
benchmark requirements. In some cases, the space requirements may require more or less
illuminance levels. Designers should anticipate how these changes will be reflected in creating
biologically bright or dark spaces.

The elongated atrium in the Lewis Integrative Science Building performed poorly on the lower
levels, especially during the morning hours. This critical observation hinders the atrium’s
performance since the circadian stimulus benchmarks are not met during the morning hours,
when it is most vital. The central atrium in Lillis Business Complex meets the benchmarks at
most points during both the morning and afternoon hours. This is due to the South curtain wall
which allows more daylight to penetrate the building through side lighting techniques. This is
observed in the South vertical plane measurements. Though it aids in increasing daylight, it
also increases discomfort glare.

CONCLUSION

This paper has investigated the performance of two different atria typologies from both visual
requirements and biological circadian potential standpoints. From the results it can be
concluded that daylighting measurements and metrics are multi-faceted and might not be
entirely in agreement as to what metrics are suitable for measuring the efficiency of a
daylighting strategy on both building performance and occupant’s visual comfort, and well-
being. To fully understand the success of these buildings, more investigations are required to
map human behavior in these buildings. This requires designers to pay more attention to
sensitivity analyses related to occupant’s view sheds and behavior as well as 2D isovists and
visibility within the indoor building layout in order to determine if occupants really do receive
adequate daylight, or whether they do not, despite meeting building performance benchmarks.
Futures studies could take the occupant experience perspective further. This would include
sensitivity studies that document behavioral patterns within the atriums. Behavioral mapping,
observations, and occupant’s surveys could measure occupants’ patterns that could identify
experiential human-centered factors in the indoor environment. These provide insights on how
building occupants rate the space themselves. This subjective data could reinforce the
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objective daylight parameter data collected. Or, it could prove that a successfully designed
daylit building which performs well in terms of providing enough light for visual task needs as
well as circadian rhythm regulation does not necessarily translate to positive occupant
experience. The findings could demonstrate, the success of the atrium design lies not only in
its daylighting parameters but in the opportunity it creates as an intermediate condition
between interior and exterior spaces. Fomenting social activity might be more influenced by
the space’s furniture, its arrangement, views across space, and proximity to paths.
Nonetheless, if the design intent is to create an atrium space to be occupied by building users
for extensive periods of time, it is vital for designers to assess the human well-being and
biological aspects of daylight in addition to the instrumental metrics. This will help with the
considerations for their proper use and pitfalls suggesting that, indeed, atria of one form do not
fit all buildings.

Percentage of Location Points that Meet Benchmark Requiremenets

WLl K

Lewis Integrative Science Building Lillis Business Complex

Figure 3. Percentage of location points that meet benchmark requirements (Author, 2019)

SECOND FLOORPLAN
Figure 4. LISB floorplans with measurement location points (Author, 2019)
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Table 1. LISB daylight factor and illuminance morning and afternoon measurements (Author, 2019)
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Table 2. LISB circadian stimulus morning and afternoon measurements (Author, 2019)
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FOURTH

FLOORPLAN

THIRD FLOOR PLAN

Figure 5. Lillis floorplans with measurement location points (Author, 2019)

Table 4. Lillis daylight factor and illuminance morning and afternoon measurements (Author, 2019)
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Table 5. Lillis circadian stimulus morning and afternoon measurements (Author, 2019)
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Table 6. Lilllis equivalent melanopic lux morning and afternoon measurements (Author, 2019)
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