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Working Environments
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Jönköping, Sweden; bDepartment of Architecture and Built Environment, Lund University, Lund, Sweden; cDepartment of Environmental
Science, Fukuoka Women’s University, Higashi-Ku, Fukuoka, Japan

ABSTRACT
Reliable measurements are of utmost importance when investigating the relationship between light
and human reactions. The aim of the present study was to compare two methods for measuring light
exposure in real working environments. Ambulatory recordings of illuminance and irradiance were
compared with static field measurements of horizontal illuminance at the normal working position,
average horizontal illuminance in the room, vertical illuminance at the position of the eye in the
normal angle of gaze, and spectral composition of the light radiation at the normal working position
and at the position of the eye in the normal angle of gaze. The ambulatory measurements were
carried out during a 3-day experimental period and were repeated monthly throughout the year. The
static field measurements in the subjects’ offices were conducted five times during the year, in the
morning and afternoon during one day. The relationship between the illuminances and irradiances
measured with the portable instruments and the static measurements was statistically analyzed.
Results from the analyses revealed that more than one third of the static measurements of vertical
illuminances recorded were below 200 lx, and only 7% of the measurements exceeded 1000 lx.
Measurements of the spectral composition of the light radiation in the rooms suggested that the light,
although at a fairly low intensity, included relatively much radiation that can have a non-image
forming effect. Furthermore, only a small number of significant correlations between the ambulatory
and static measurements were found. Results from the t-tests showed that there were no differences
between ambulatorymeasurements, and staticmeasurements of horizontal illuminance at the normal
position, average illuminance in the room and vertical illuminance at the position of the eye during
three, five, and seven of the 10 measurements, respectively. There is a need to define appropriate
parameters in order to describe the quality of a lit environment with respect to the non-image-
forming effects of light radiation.
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1. Introduction

The methods used for measuring and estimating the
lighting in an environment are becoming increas-
ingly important considering the growing knowledge
about the non-image-forming effects of light (Lucas
et al. 2014). The spectral composition of the exposing
light radiation is an important parameter to consider
when investigating non-image-forming effects.
Rods, cones, and intrinsically photosensitive retinal
ganglion cells, containing the photo pigment mela-
nopsin, differentially contribute to the phototrans-
duction over a wide range of intensities (Gooley et al.
2010, 2012; Lall et al. 2010). Furthermore, the

photosensitivity function for the melanopsin pig-
ment is shifted toward the short wavelength part of
the spectrum, with a maximum sensitivity at
approximately 480 nm (Bailes and Lucas 2013;
Zaidi et al. 2007). Two action spectra for human
melatonin suppression have reported a peak sensi-
tivity at wavelengths between 459 and 477 nm
(Brainard et al. 2001; Thapan et al. 2001). On the
other hand, in humans short, middle, and longwave-
length cone opsins have a maximum sensitivity at
approximately 420, 535, and 565 nm, respectively,
and the rod opsin is most sensitive to light radiation
at approximately 500 nm (Lucas et al. 2014).
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In addition to spectral energy distribution, the
non-image-forming effects of exposure to light
radiation are dependent of intensity, timing and
duration, and exposure pattern or light history,
among others (Cajochen et al. 2000; Chang et al.
2011, 2012, 2013; Czeisler et al. 1989; Gronfier et
al. 2004; Hébert et al. 2002; Khalsa et al. 2003;
Kripke et al. 2007; Revell et al. 2012; Rimmer et
al. 2000; Rufiange et al. 2003; Rüger et al. 2013;
Smith et al. 2004; St. Hilaire et al. 2012; Zeitzer et
al. 2000).

In order to understand the relationship between
light and human reactions, reliable measurements
are of utmost importance. Some authors have used
diaries to record participants’ exposure to bright
natural daylight (that is, time spent outdoors
between sunrise and sunset). Graw et al. (1999)
reported the total time that subjects spent out-
doors every half hour throughout the day during
a week of measurement. Eastman (1990) let parti-
cipants record the time they spent outdoors in
daylight and reported the skeleton photo period,
a parameter defined as the time period between
the first and last exposure to daylight during the
day, in addition to total exposure to bright natural
light.

Studies using instruments for ambulatory mea-
surement of exposing light radiation have demon-
strated how people, including office daytime
workers, nurses, outdoor workers, students, shift
workers, and older people, typically are exposed to
light radiation in their natural environment
(Dumont et al. 2001; Figueiro and Rea 2010, 2016;
Hubalek et al. 2010; Michima et al. 2001; Miller et al.
2010; Shochat et al. 2000). Most studies have used
instruments for ambulatory measurement of illumi-
nance, calibrated according to the CIE photopic
luminous efficiency function, and some recent stu-
dies have used instruments separating the measure-
ment of light radiation into intensities in different
wavelength bands or that are calibrated according to
different spectral efficiency functions for the effects
on the human circadian system. Currently several
instruments for ambulatory measurement of illumi-
nance and a few for measurement of irradiance are
commercially available.

The daily light exposure pattern has been
described by various parameters such as daily inte-
grated amount and average illuminance throughout

the day and during different time periods of the day
(Espiritu et al. 1994; Higushi et al. 2007; Morita et al.
2002). Furthermore, light exposure has been charac-
terized by hourly average illuminance throughout
the day or time spent over various intensity thresh-
olds ranging from 10 to 25,000 lx or within certain
ranges; for example, 0.1–1 lx, 1–100 lx, 100–1000 lx,
and >1000 lx (Aan Het Rot et al., 2008; Cambell et al.
1988; Cole et al. 1995; Goulet et al. 2007; Hébert et al.
1998; Okudaira et al. 1983; Savides et al. 1986; Wehr
et al. 1995). An intensity of 1000 lx or more has often
been defined as bright light exposure (Guillemette et
al. 1998; Staples et al. 2009; Ueno-Towatari et al.
2007). Kawinska et al. (2005) reported relative light
patterns by comparing luminous exposure every
hour with mean exposure during the week of mea-
surement. In some studies, circadian data—for
example, mesor (that is, mean), acrophase (that is,
peak time), and amplitude (that is, height of the
peak)—of the cosine-fitted daily rhythm of light
exposure have been reported (Girardin et al. 2000;
Grandner et al. 2006; Park et al. 2007).

Thorne et al. (2009) measured light exposure in
daily life with a wrist-worn Actiwatch-RGB moni-
tor. This instrument differentiates between short,
middle, and long wavelength light radiation. The
short wavelength band register light radiation
between 400 and 580 nm, with a peak sensitivity
at 470 nm; the middle wavelength band includes
wavelengths between 500 and 650 nm, with a peak
sensitivity at 565 nm; and the long wavelength
band records wavelengths between 620 and
720 nm, with a peak sensitivity at 640 nm.
Figuiero and Rea (2010, 2016] used a portable
instrument worn on the head and with two sensors
placed near the plane of the cornea [Bierman et al.
2005). One of the sensors measured illuminance
according to the CIE photopic luminous efficiency
function and the other sensor measured light
radiation in relation to a sensitivity function with
a peak in the short wavelength part of the spec-
trum. The parameter circadian light was then cal-
culated by postprocessing of the two types of light
radiation data. In a Swiss study, Hubalek et al.
(2010) used an instrument measuring both illumi-
nance with respect to the spectral sensitivity func-
tion for photopic vision and irradiance according
to a spectral sensitivity function for non-image-
forming effects of light. The instrument was worn
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on the head with the two sensors attached to
spectacle frames.

Most studies investigating seasonal variation in
light exposure, including the aforementioned field
studies, have been carried out in the Northern
Hemisphere at latitudes between 32° and 52°.
There are, however, few studies investigating the
daily and seasonal light exposure patterns of peo-
ple living in more northern locations with greater
differences in photoperiod length during the year.

Static measurements are often used when design-
ing and evaluating how much light people are
exposed to in rooms and buildings as well as in
outdoor environments. Moreover, in field studies
investigating personal light exposure in real living
and working environments, it is not always possible
or convenient for subjects to carry the ambulatory
measuring instruments. This study deals with the
question of whether there are any significant correla-
tions between ambulatory measurements of light
exposure and static measurements at different loca-
tions in a room. In order to investigate the relation-
ship between various parameters that can be used for
describing lighting quality with respect to the non-
image-forming effects of light radiation, the aim of
present study was to compare two different methods
for measuring the radiant exposure in real working
environments. This was done in order to gain knowl-
edge about the reliability and validity of the different
methods that were used. The first method was tradi-
tional static measurements of horizontal illuminance
at the normal working position, average horizontal
illuminance in the room, and vertical illuminance at
the position of the eye in the normal angle of gaze.
This method also included static measurements of
the spectral composition of the exposing light radia-
tion, which were measured horizontally at the nor-
mal working position and at the position of the eye
in the normal angle of gaze. In the second method,
two instruments for ambulatory recording of illumi-
nance and irradiance were used. The results of the
two methods were then compared.

2. Methods

2.1. Subjects and settings

A total of 30 subjects (mean age = 46.1 years,
SD = 9.8, range = 28–61 years) were enrolled to

participate in a longitudinal study that was car-
ried out in the south of Sweden (56° N) from
February 2008 to January 2009. Participants were
daytime office workers and worked 36–40 h on
weekdays. Ambulatory measurements of exposing
light radiation were collected by 15 of the 30
subjects. Static measurements of illuminances
and the spectral composition of light radiation
in the rooms were conducted in all 30 workspaces
in the morning and afternoon five times through-
out the year.

The workplaces were situated in private offices
or small group offices with three to six desks. The
offices were primarily lit by localized lighting from
pendant luminaires with direct/indirect or indirect
distributions and equipped with fluorescent tubes.
Additional lighting included down lights and wall
luminaires equipped with compact fluorescent
lamps. The light sources had a correlated color
temperature between 3000 and 3500 K. Internal
venetian blinds with horizontal slats offered man-
ual, local control of the amount of daylight. All
except one workplace had access to daylight from
a side window and the subjects were seated on
average 1.7 m (SD = 1.1, range = 1.1–6.8 m)
from a window. Regarding cardinal directions of
the windows, four of the offices had windows
oriented toward north, four toward northeast,
one toward east, four toward northwest, and six
toward southwest. Moreover, four of the offices
had windows facing northeast and two had win-
dows facing west.

A majority of the offices received some bor-
rowed light from adjacent spaces through glazed
indoor partitions. The colors in the offices were
rather neutral or had some, but not very vivid,
colors. The roofs and walls were white and the
floors had light grey or red/brown carpets and
the offices had light wood furniture.

2.2. Dropout

Technical irregularities resulted in 16% missing
values from the ambulatory measurements of irra-
diance. A late change of experimental week by one
subject resulted in 2% of missing data from the
ambulatory measurements of illuminance. A total
of 1.1% of the data were missing from the static
measurements.
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2.3. Procedure

Two instruments were used for monthly ambulatory
measurements of light exposure. During a 3-daymea-
suring period, an Actiwatch monitor (Minimitter/
Respironics, Bend, OR), worn on the nondominant
wrist, recorded an illuminance value every minute. In
addition, a prototype instrument, with seven channels
and a bandwidth of 50 nm, ranging from 400 to
750 nm, was used to record irradiance every minute
for 48 h. The instrument consists of photonic devices
(Hamamatsu Photonics K.K., Hamamatsu City,
Japan) and a linear variable band-pass filter
(Edmund Optics Inc., Barrington, New Jersey, USA)
for spectral filtering. Validation of spectral sensitivity,
accuracy, and linearity was performed by calculating
calibration equations for the seven channels according
to simultaneous measurements with a spectroradia-
meter (Light Spex: McMahan Research Laboratories,
Chapel Hill, North Carolina, USA) in different light-
ing conditions, including both daylight and artificial
lighting. The sensor was positioned on the chest and
the data storage module was worn in a shoulder bag.
The two instruments were worn during the waking
period and placed close to the subjects—for example,
on a bedside table—when in bed.

The lighting conditions in the offices, during
actual working conditions with the subjects’ settings
of the artificial light and blinds, were assessed by
field measurements conducted in the morning
between 8:00 AM and 11:30 AM (m = 9:42 AM) and
in the afternoon between 1:45 PM and 4:45 PM

(m = 2:56 PM) five times during the year.
Measurements were carried out during the follow-
ing time periods: February 6–March 13, April 7–
May 13, June 4–July 4, September 9–October 16,
and December 1–January 23. The measurements

were recorded with the subjects present at their
normal working position. Table 1 shows the num-
ber of measurements that were performed in differ-
ent weather conditions, positions of the blinds and
artificial lighting conditions at the times of mea-
surement, and the total number of static illumi-
nance and irradiance measurements that were
carried out during the five measurement periods.

A Hagner Universal Photometer S4 (B. Hagner
AB, Solna, Sweden), equipped with a SD 2 detector
(B. Hagner AB, Solna, Sweden), was used for the
measurements of illuminance in the offices.
Figure 1 shows five examples of office layouts,
including the positions of measuring points, loca-
tions of computer monitors and luminaires, and the
location where subjects were normally seated.
Horizontal and vertical illuminances were measured
on the desks where the subjects were normally
seated. Additional measuring points included the
working area immediately surrounding the normal
task area and the peripheral surrounding of the
normal task area. Vertical illuminance at the posi-
tion of the eye in the normal angle of gaze was also
measured (see Figure 2).

The spectral composition of the light radiation in
the offices was recorded with an Avantes Avaspec-
2048- USB 2 spectroradiometer (Avantes BV,
Apeldoorn, Netherlands). Measurements were per-
formed at the position of the eye in the normal
angle of gaze and horizontally on the desk in front
of the subjects’ normal working position.

2.4. Data analysis

Mean horizontal illuminances at the normal task
position, average horizontal illuminance in the

Table 1. Weather conditions, positions of the blinds, and artificial lighting conditions at the times of measuring and the total
number of static illuminance (Ill) and irradiance (Irr) measurements carried out during the five measurement periods.

Morning Afternoon

Period
Weather
type

Blind
position

Electric
lighting

Measurement
points Weather type

Blind
position

Electric
lighting

Measurement
points

1 2 3 4 1 2 3 4 On Off Ill Irr 1 2 3 4 1 2 3 4 On Off Ill Irr

February/March 6 3 17 6 10 2 3 0 19 0 192 30 10 4 16 2 10 2 3 0 19 1 192 30
April/May 23 4 2 0 15 8 1 3 23 6 204 60 16 9 3 0 14 10 0 3 27 2 204 60
June/July 15 5 9 0 15 7 4 1 27 1 207 60 12 6 11 0 17 7 2 1 28 0 207 60
September/October 8 8 12 0 17 7 2 0 29 1 207 60 1 14 16 0 14 9 2 1 29 1 207 60
December/January 4 7 19 0 19 5 3 1 30 0 208 60 5 6 17 0 18 5 4 1 30 0 208 60

Weather type: 1 = clear, 2 = overcast, 3 = cloudy, 4 = rain cloudy. Blind position: 1 = fully retracted, 2 = down, no tilt, 3 = down, tilted, 4 = fully closed.
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room, and mean vertical illuminance at the position
of the eye in the normal angle of gaze were calculated
for the group. Regarding the static measurements of
the spectral composition of the light radiation in the
offices, irradiance in the ranges 400–550, 550–650,
and 650–750 nm were calculated. Resolution of the
static measurements conducted in the morning and
afternoon on five days during the year did not allow
missing data to be replaced with individual seasonal
averages. Therefore, missing data from the static mea-
surements were replaced by individual annual average
illuminance for the corresponding time point.

Data from the ambulatory measurements were
averaged over the hour and the day across the mea-
surement periods. In order to compare data from the
ambulatory measurements with data from the static
measurements, the mean illuminance for the time
period between 9:00 AM and 10:00 AM and 2:00 PM

and 3:00 PM in February/March, April/May, June,
September/October, and December/January,

corresponding to themean time of the staticmeasure-
ments, was subsequently calculated. Furthermore,
according to the subjects’ work schedules, these were
time periods when they likely were in their offices.

Data from the irradiance recordings were simi-
larly treated and separated into three wavelength
bands, short wavelength (400–550 nm), middle
wavelength (550–650 nm), and long wavelength
(650–750 nm). Missing values were replaced by indi-
vidual seasonal means for the corresponding time
period. Winter included the months of November,
December, and January; spring included February,
March, and April; summer included May, June, and
July; and autumn included August, September, and
October.

The Statistical Program for Social Sciences
(Version 19) was used for the analyses. Pearson’s
product-moment correlation coefficient and
dependent means t-tests were used to assess the
relationship between the illuminance and

Fig. 1. Five examples of office layouts. The plans show where the subjects were seated, positions of computer monitors and
luminaires, and locations of the measuring points.
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irradiance measured with the portable instruments
and the static measurements. A P value of <0.05
was considered to be significant.

3. Results

The results from the static measurements of illu-
minance showed that the average horizontal illu-
minance at the normal working position was 738
lx (SD = 490 lx) throughout the year. Illuminance
uniformity, U0 = Emin/Eaverage, in the offices was
on average 0.4 (SD = 0.16) throughout the year.
Moreover, the average horizontal illuminance in
the room was 621 lx (SD = 293 lx) and the average
vertical illuminance at the position of the eye in
the normal angle of gaze was 442 lx (SD = 365 lx).

The horizontal illuminance at the normal working
position was between 200 and 600 lx in 44.6% of the
300 measurements; 7% of the measurements showed
illuminances less than 200 lx; and 48.1% of the mea-
surements showed illuminances exceeding 600 lx; in
addition, 50.6% of the 300 measurements of vertical
illuminance at the position of the eye in the normal

angle of gaze showed values between 200 and 600 lx
and 31.7% of the measurements showed values below
200 lx. Vertical illuminances above 600 lx were
recorded during 17.8% of the measurements and
exceeded 1000 lx during 7.3% of the measurements.
The ambulatory recordings showed an annual average
illuminance of 380 lx (SD = 320 lx) for the time
periods between 9:00 AM and 10:00 AM and 2:00 PM

and 3:00 PM. Table 2 shows the results from the static
measurements and ambulatory measurements of illu-
minance in the morning and in the afternoon for the
five measurement periods.

Static measurements of the spectral composition of
the visible radiation in the offices, measured vertically
at the position of the eye in the normal angle of gaze,
revealed that the short wavelength band (400–
550 nm) contributed to 50% (SD = 16%) of the total
visible radiation and the middle wavelength band
(550–650 nm) and the long wavelength band (650–
750 nm) contributed to 35% (SD = 6%) and 14%
(SD = 7%) of the total visible radiation, respectively.
The results from analysis of the data collected with the
ambulatory instruments showed that the total visible

Fig. 2. Drawing showing a typical working position and the normal angle of gaze.
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irradiance was composed of 34% (SD = 13%) short
wavelength radiation (400–550 nm), 22% (SD = 16%)
middle wavelength radiation (550–650 nm), and 44%
(SD = 12%) long wavelength radiation (650–750 nm).
Table 3 displays the results of the static and ambula-
tory recordings of the spectral composition for the
five measurement periods.

For comparison, Figure 3 shows that an incan-
descent lamp includes 19% of the visible radiation
in the wavelength band 400–550 nm and 33% and
48% in the wavelength bands 550–650 and
650–750 nm, respectively. On the other hand, a
fluorescent lamp with a correlated color tempera-
ture of 3000 K includes 47% in the wavelength
band 400–550 nm and 47% and 6% in the wave-
length bands 550–650 and 650–750 nm, respec-
tively. Concerning daylight, for a CIE standard
illuminant D65, the short wave length band (400-
550nm) contribute to 54 % of the total visible
radiation and the middle and long wave length
bands contribute to 26 and 20 %, respectively.

In order to compare the two methods for
describing the lighting conditions in real working
environments, correlations between the different
parameters were estimated. First, regarding the
static measurements in the offices, the results
showed significant correlations (r = 0.439–0.974)
between the horizontal illuminance at the normal
working position and the average illuminance in
the room, between the horizontal illuminance at
the normal working position and the vertical
illuminance at the position of the eye in the
normal angle of gaze, and between the average
illuminance in the room and the vertical illumi-
nance at the position of the eye in the normal
angle of gaze. Table 4 shows the correlations
between the three parameters that were measured
with the instrument for static measurement of
illuminance.

Turning to the correlations between the static
measurements and the ambulatory measurements
of illuminance, significant correlations were only

Table 2. Static measurements of horizontal illuminance at the normal working position (EHN), average illuminance in the room (EHR),
vertical illuminance at the position of the eye (EVE), and ambulatory recording of illuminance (EAMB).

Morning Afternoon

EVE EAMB EHN EHR EVE EAMB EHN EHR
Period (n = 30) (n = 15) (n = 30) (n = 30) (n = 30) (n = 15) (n = 30) (n = 30)

February/March Mean (lx) 340 328 614 495 579 469 600 494
SD (lx) 259 262 299 179 1464 416 305 219

April/May Mean (lx) 530 481 750 713 700 976 919 783
SD (lx) 493 245 422 533 1043 650 804 615

June Mean (lx) 467 423 743 769 515 782 794 661
SD (lx) 439 266 424 945 495 700 562 459

September/October Mean (lx) 367 288 634 532 443 421 1294 901
SD (lx) 265 139 346 244 588 371 3431 1676

December/January Mean (lx) 244 127 517 416 202 114 520 400
SD (lx) 151 69 270 169 100 79 250 142

Table 3. Static measurements of the spectral composition at the position of the eye (IRRVE) and ambulatory (IRRAMB) measurements
of the spectral composition of the exposing light radiation.

Morning Afternoon

400–550 nm 550–650 nm 650–750 nm 400–550 nm 550–650 nm 650–750 nm

IRRVE IRRAMB IRRVE IRRAMB IRRVE IRRAMB IRRVE IRRAMB IRRVE IRRAMB IRRVE IRRAMB
Period (n = 30) (n = 15) (n = 30) (n = 15) (n = 30) (n = 15) (n = 30) (n = 15) (n = 30) (n = 15) (n = 30) (n = 15)

February/ Mean (%) 67 36 30 21 3 43 63 37 27 21 10 43
March SD (%) 70 5 9 10 5 10 36 5 8 10 38 11
April/May Mean (%) 48 36 35 23 17 41 47 36 36 25 17 39

SD (%) 5 6 5 10 4 7 4 6 5 11 4 8
June Mean (%) 48 35 35 23 16 42 47 35 36 26 17 39

SD (%) 5 9 6 15 3 10 5 9 6 15 3 9
September/ Mean (%) 48 32 36 27 16 41 46 33 37 30 17 37
October SD (%) 5 14 7 30 4 18 4 14 5 29 4 17
December/ Mean (%) 47 30 39 15 14 54 45 32 40 13 15 56
January SD (%) 6 9 6 17 4 16 4 9 6 16 5 13
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found between the ambulatory measurement of illu-
minance and the vertical illuminance at the position
of the eye in the normal angle of gaze (r = 0.726,
P = 0.002) and between the ambulatory measure-
ment of illuminance and the average illuminance in
the room (r = 0.590, P = 0.021) in the morning
during the measurements in December/January.

Concerning the measurements of the spectral
composition, the results showed high significant
correlations between the two parameters used for
static measurement of the spectral composition,
measured horizontally in front of the subject at
the normal working position and vertically at the
position of the eye in the normal angle of gaze

(r = 0.648–0.866 for the wavelength band between
400 and 550 nm, r = 0.807–0.819 for the wave-
length band between 550 and 650 nm, and
r = 0.789–0.896 for the wavelength band between
650 and 750 nm). However, during the morning in
December, there were no significant correlations
between irradiance measured at the position of the
eye in the normal angle of gaze and irradiance
measured horizontally at the normal working posi-
tion for the wavelength bands 400–550 and
650–750 nm.

Furthermore, the results only showed three sig-
nificant correlations between the static measure-
ments of irradiance and the ambulatory

Fig. 3. Relative energy distribution for an incandescent lamp, a fluorescent lamp with a correlated color temperature of 3000 K, and
daylight, CIE standard illuminant D65.

Table 4. Pearson product-moment correlations (r) between the three parameters included in the static measurement of illuminances
in the offices, horizontal illuminance at the normal working position (EHN), average horizontal illuminance in the room (EHR), and
vertical illuminance at the position of the eye (EVE).

Morning Afternoon

EVE EHN EHR EVE EHN EHR

Period
Pearson’s r
(P value)

Pearson’s r
(P value)

Pearson’s r
(P value)

Pearson’s r
(P value)

Pearson’s r
(P value)

Pearson’s r
(P value)

February/March (n = 30) EVE 1 0.774 (<0.001) 0.649 (<0.001) 1 0.56 (0.001) 0.754 (<0.001)
EHN — 1 0.878 (<0.001) — 1 0.865 (<0.001)
EHR — — 1 — — 1

April/May (n = 30) EVE 1 0.756 (<0.001) 0.205 (0.278) 1 0.714 (<0.001) 0.609 (<0.001)
EHN — 1 0.48 (0.007) — 1 0.941 (<0.001)
EHR — — 1 — — 1

June/July (n = 30) EVE 1 0.868 (<0.001) 0.066 (0.272) 1 0.692 (<0.001) 0.439(<0.015)
EHN — 1 0.168 (0.374) — 1 0.883 (<0.001)
EHR — — 1 — — 1

September/October
(n = 30)

EVE 1 0.669 (<0.001) 0.486 (0.006) 1 0.914 (<0.001) 0.888 (<0.001)
EHN — 1 0.864 (<0.001) — 1 0.974 (<0.001)
EHR — — 1 — — 1

December/January (n = 30) EVE 1 0.59 (0.021) 0.631 (<0.001) 1 0.6 (<0.001) 0.618 (<0.001)
EHN — 1 0.872 (<0.001) — 1 0.813 (<0.001)
EHR — — 1 — — 1
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measurements. In the morning in February/
March, a significant correlation was found
between the static measurement of irradiance at
the position of the eye in the normal angle of gaze
and the ambulatory measurements for the wave-
length band 400–550 nm (r = 0.546, P = 0.044).
The analysis showed a significant relationship
between the static measurement of irradiance hor-
izontally at the normal working position and the
ambulatory measurements for the wavelength
band 400–550 nm in the morning in June
(r = 0.605, P = 0.022) and between the static
measurement of irradiance horizontally at the nor-
mal working position and the ambulatory mea-
surements for the wavelength band 400–550 in
the morning in April/May (r = 0.501, P = 0.042).

Additionally, t-tests were used to investigate dif-
ferences between static and ambulatory measure-
ments. As can be seen in Table 5, concerning the
comparisons of mean illuminance, t-tests showed no
difference between the illuminances measured with
the Actiwatch-L monitors and static recordings of
illuminance at the position of the eye in the normal
angle of gaze during seven of the 10 measurement
times. Significant differences were, however, found
in the afternoon during the measurements in April
and during both measurements in December when
the static measurements showed higher readings
than the ambulatory measurements.

There was no significant difference between the
static measurements of horizontal illuminance at the
normal working position and the ambulatory mea-
surements during three of the 10 measurements.
Horizontal illuminance values at the normal working
position and the ambulatory measurements were dif-
ferent in the morning in February/March, April/May,
and June and during both morning and afternoon in
September/October and December/January when the

static measurements showed higher readings in com-
parison to the ambulatory measurements.

Furthermore, there was no significant difference
between the static measurements of the average
room illuminance and the ambulatory measure-
ments during five of the 10 measurements. Static
measurements of the average room illuminance
and ambulatory measurements were different in
the morning in February/March, June, and
September/October and during both morning
and afternoon in December/January when the sta-
tic measurements showed higher readings in com-
parison to the ambulatory measurements.

Regarding the t-tests comparing the spectral
composition of the visible irradiance, the results
showed that the mean did not differ in six of the
30 measurements.

4. Discussion

Field measurements of the lighting conditions,
with the subjects’ settings of artificial lighting and
daylight controls, showed large variations in illu-
minances between different measurements, with
both higher and lower values in comparison to
illuminances that are generally recommended.
The mean horizontal illuminance at the normal
working position for the group slightly exceeded
the illuminance values that generally are suggested
as a value that should be maintained in offices,
which is 500 lx [Swedish Standards Institute 2011].

The static field measurements of vertical illumi-
nance at the position of the eye in the normal angle
of gaze showed that subjects were normally not
exposed to bright light, which generally is defined
by an exposing illuminance of more than 1000 lx.
In fact, more than a third of the measurements
showed recordings of a vertical illuminance lower

Table 5. Results from t-tests showing the comparison of means between the ambulatory measurements of illuminance (EAMB) and
the static measurements of illuminance at the position of the eye (EVE), horizontally at the normal working position (EHN), and
average illuminance in the room (EHR).

Morning Afternoon

P value P value

EVE versus EAMB EHN versus EAMB EHR versus EAMB EVE versus EAMB EHN versus EAMB EHR versus EAMB
February/March (n = 15) 0.692 0.01 0.036 0.315 0.152 0.516
April/May (n = 15) 0.686 0.002 0.056 0.043 0.993 0.684
June (n = 15) 0.862 0.004 0.017 0.141 0.745 0.987
September/October (n = 15) 0.092 <0.001 <0.001 0.706 0.022 0.098
December/January (n = 15) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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than 200 lx, and illuminances of 1000 lx or more
were only recorded in 7% of the measurements.

Furthermore, static measurements of the spec-
tral composition of light radiation in the offices
showed that it was mainly composed of short and
middle wavelength radiation, with only a small
portion of long wavelength radiation. This indi-
cates that to a large extent the subjects were
exposed to light radiation from fluorescent light-
ing in addition to a lesser amount of daylight
entering the room. It also indicates that the light
radiation, although at a fairly low intensity,
included relatively much radiation that can have
non-image forming effects.

The ambulatory measurements, on the other
hand, showed that the exposing light radiation
was composed of less short wavelength and middle
wavelength radiation and more long wavelength
radiation in comparison to the static field mea-
surements. The more even spectral energy distri-
bution may be interpreted as a consequence of the
ambulatory instruments receiving light that is
more likely reflected off materials composed of
organic dyes and pigments.

There are many differences between the static
and ambulatory measurements that may explain
the dissimilarities between the two methods of
describing the lighting conditions to which office
workers are normally exposed. The ambulatory
measurements were recorded monthly every min-
ute for 3 days during normal working behavior
with natural changes in body position, whereas
the static measurements were instantaneous
recordings of the intensities at various fixed points
and in fixed directions in the room. This may
explain some of the differences between the two
methods. Moreover, earlier field studies using
ambulatory instruments have demonstrated large
variability in light exposure between days and that
the length of the measurement period also is of
importance when estimating daily light exposure
in the natural environment. For example, Cole et
al. (1995) showed that 1-day, 2-day, and 3-day
recordings explained 50%–60%, 70%, and 80% of
a 6-day measurement, respectively. This can
explain why there were few significant correlations
between the ambulatory measurements and the
static measurements because the measurements
were not necessarily conducted on the same day.

The three parameters included in the static mea-
surements, horizontal illuminance at the normal
working position, average illuminance in the
room, and vertical illuminance at the position of
the eye in the normal angle of gaze showed high
significant correlations, which suggests that, for the
settings in this study, they can all be used to assess
the illuminance levels in the rooms. However, from
the results of other studies comparing light expo-
sure measured with different sensor positions and
from the results of the analysis taken together, it
appears that a static measurement of illuminance at
the position of the eye in the normal angle of gaze is
the most appropriate measure of the three para-
meters used in the static measurements of illumi-
nance (Figueiro et al. 2013).

When measuring visible light radiation, it is
important to consider the quality of the instru-
ments—for example, spectral and spatial sensitiv-
ities—as well as how the placement of the sensor
influences the measurements.

Concerning our data, there are some differences
between the photopic luminous efficiency function,
V (λ), and the spectral response of the Actiwatch-L
monitor and differences between a cosine distribu-
tion and the spatial distribution of the instruments.
Consequently, this influences the ambulatory mea-
surements with respect to the seasonal variation of
the angle between the sun and the horizon and the
control of daylight because the use of horizontal
blinds, in addition to changing the amount of day-
light entering the room, changes the spatial distri-
bution (that is, the relationship between vertically
and horizontally distributed daylight).

One conclusion from the study is that there are
large differences between a static measurement of
illuminance and irradiance in a room and the
luminous and radiant exposure measured with an
ambulatory instrument. The limited number of
static measurements of illuminance and spectral
composition of the light carried out with the mea-
surement protocol in this study does not appear to
be sufficient to provide an adequate representation
of the lighting conditions that a person is exposed
to in the working environment. The t-tests com-
paring the means for the group of 15 subjects show
a relationship between ambulatory measurements
and static measurements of vertical illuminance at
the eye in the normal angle of gaze, but the

190 M. ADAMSSON ET AL.



correlations that were carried out indicate that a
higher resolution of static measurements may be
needed in order to determine the light exposure
for the individual subjects.

Based on results from earlier research, the
ambulatory measurements should result in a
more reliable estimate of a person’s actual radiant
exposure due to the high resolution of the col-
lected data (Cole et al. 1995). However, repeated
static measurements of illuminance that are con-
tinuously recorded may result in higher correla-
tions with the ambulatory measurements.

Furthermore, the results from the present study
indicate that cardinal window directions, blind
positions, weather conditions, settings of artificial
lighting, and natural changes of position and body
movements have a high impact on the light inten-
sities that are measured in an office. These aspects
should be further investigated in future studies.

The results from the static and ambulatory mea-
surements of illuminance and irradiance also indi-
cate that there may be a seasonal variation
regarding the illuminance levels in the offices as
well as a seasonal change in the spectral composi-
tion of the visible radiation. This should be
addressed in future studies because it possibly
has an impact on synchronization of the biological
clock because many modern-day people work
inside and also spend the majority of their waking
day in illuminance levels commonly found indoors
(Scheuermaier et al. 2010).

An ambulatory recording is still a quite crude
measurement of the light radiation that reaches
the photoreceptors. Individual differences in
pupil diameter and the ocular media are some
examples of important aspects that have to be
accounted for when investigating the light radia-
tion to which a person is exposed (Charman 2003).
In addition, head position, orientation, and shad-
ing from the brow have major effects on the
amount of light entering the eye (Van Derlofske
et al. 2002).

Regarding the position of the sensor, some
authors have showed good correlations between
instruments with sensors placed at the wrist and
at the forehead (Okudaira et al. 1983). On the
other hand, in a study comparing different instru-
ments for ambulatory measurements of personal
exposure to visible light radiation, Figueiro et al.

(2013) found large differences when measuring
absolute levels of photopic illuminance with a sen-
sor located at the plane of the cornea and sensors
located at the wrist. More specifically, there was
better agreement between the measurements with
sensors positioned at the cornea and sensors
located on the torso or carried as a pendant hung
from the neck.

In most field studies, exposure to light radiation
has been investigated by measurement of exposing
illuminance. As a result of increasing knowledge of
the field, different models and sensitivity functions
for estimating the non-image-forming effects of light
radiation have been proposed, although recent find-
ings provide a more complex picture of how light
radiation of different intensities and spectral compo-
sitions affects the circadian systems of humans and
other mammals (Al Enezi et al. 2011; Andersen et al.
2012; Bellia et al. 2011; Lucas et al. 2014; Rea et al.
2005, 2012).

By measuring the exposing irradiance at the
cornea with a high resolution, it is possible to
subsequently calculate the effects on different
photoreceptor systems, depending on the intensity
and spectral composition, after correcting for
pupil diameter and the properties of the ocular
media (Lucas et al. 2014). This also permits the
collected data to be useful as knowledge of field
develops and the complex interactions between the
different systems will be further elucidated. It
should also be noted that studies have shown a
difference in intrinsically photosensitive retinal
ganglion cells density on the retina, which also
may influence the non-image-forming effects of
exposures from light sources with different spatial
distributions (Berson et al. 2002; Hattar et al. 2002;
Rüger et al. 2005).

Finally, by using instruments that measure the
complete spectrum of the radiant exposure
together with the development of methods for
practical and reliable measurement of biological
markers in field studies, the real working and
living environments where people are conducting
their daily activities offer good possibilities for
ecological validation of current models used for
explaining the non-image-forming effects of light
radiation as well as for generating new research
questions that can be further studied in controlled
laboratory experiments (Bonmati-Carrion et al.
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2014; Figueiro and Rea 2016; Kolodyazhniy et al.
2012; Lucas et al. 2014; Miller et al. 2010).

More studies are needed in order to design
protocols for measuring and calculating the light-
ing conditions in rooms and buildings with regard
to the resulting non-image-forming effects.
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