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Abstract

Advanced nighttime light (NTL) remote sensing techniques enable the large-scope epidemi-
ological investigations of people’s exposure to outdoor artificial light at night (ALAN) and its
health effects. However, multiple uncertainties remain in the measurements of people’s
exposure to outdoor ALAN, including the representations of outdoor ALAN, the contextual
settings of exposure measurements, and measurement approaches. Non-exposed but
included outdoor ALAN and causally irrelevant outdoor ALAN may manifest as contextual
errors, and these uncertain contextual errors may lead to biased measurements and errone-
ous interpretations when modeling people’s health outcomes. In this study, we systemati-
cally investigated outdoor ALAN exposure measurements in different geographic contexts
using either residence-based or mobility-oriented measurements, different spatial scales,
and multiple NTL data sources. Based on the GPS data collected from 208 participants in
Hong Kong, outdoor ALAN exposures were measured from NTL imagery at 10 m, 130 m,
and 500 m spatial resolutions using in-situ methods or 100 m, 300 m, and 500 m buffer zone
averaging. Descriptive analysis, multiple t-tests, and logistic regression were employed to
examine the differences between outdoor ALAN exposure measurements using various
contextual settings and their effects on modeling people’s overall health. Our results con-
firmed that different contextual settings may lead to significantly different outdoor ALAN
exposure measurements. Our results also confirmed that contextual errors may lead to erro-
neous conclusions when using improper contextual settings to model people’s overall
health. Consequentially, we suggest measuring people’s exposure to outdoor ALAN using
the mobility-oriented approach, NTL representation with the high spatial resolution, and a
very small buffer zone as a contextual unit to derive outdoor ALAN exposure. This study
articulates essential methodological issues induced by uncertainties in outdoor ALAN
exposure measurements and can provide essential implications and suggestions for a
broad scope of studies that need accurate outdoor ALAN exposure measurements.
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Introduction

People’s exposure to artificial light at night (ALAN) has been found to have complicated
associations with their physical and mental health [1]. Extra light at night may disturb human
circadian rhythms [2], which leads to extra stress on the human neuroendocrine system and
sleep, and people’s chronic exposure to ALAN has been observed to have significant associa-
tions with breast cancer [3,4], obesity [5], and sleep disorders [6]. However, acute exposure to
ALAN may not directly lead to adverse health effects on humans since the human body has
very strong resilience [1]. Meanwhile, outdoor ALAN may provide people with bright space
for nighttime activities and remove some environmental barriers for physical exercises [7].
Adequate outdoor brightness may also reduce residents’ perception of fear and increase their
perception of neighborhood safety [8], and the beautiful nightscape may promote people’s
mental health and life satisfaction [9].

People’s exposure to ALAN is the most essential link between ALAN and human health.
Conventional studies used laboratory experiments with well-controlled indoor illumination to
research human photobiological reactions to ALAN (e.g., [10-13]). These laboratory experi-
ments well explored the fundamental mechanisms of ALAN’s health effects. However, the
well-controlled laboratory settings of indoor illumination are very difficult to replicate in
people’s everyday life, which may undermine the practical value of these laboratory-based
studies. In recent years, epidemiological investigations of people’s exposure to ALAN in real
life become prevalent for examining ALAN’s health effects (e.g., [14-16]). Significant associa-
tions with human health outcomes have been observed for both indoor ALAN exposure and
outdoor ALAN exposure [1]. The development of remote sensing techniques like nighttime
light (NTL) imaging further enabled the large-scope epidemiological investigations of very
huge cohorts and populations [17].

Proper measurements of people’s exposure to environmental factors require proper repre-
sentations of environmental settings, proper representations of human behaviors, and the
proper contextual units to confine measurements [18]. One essential issue of current epidemi-
ological investigations of outdoor ALAN’s health effects is ignoring people’s nighttime mobil-
ity. These studies confined people’s ALAN exposure to the residential context (e.g., a
neighborhood or an administrative area [19-24]) and used outdoor ALAN statistics within the
residential contexts (e.g., average value) to assess their exposure to outdoor ALAN. In this way,
the spatial variation in residential outdoor ALAN is considered the variation of people’s expo-
sure to outdoor ALAN. These measurements are thus residence-based measurements (RBM).
However, people may be exposed to different intensities of outdoor ALAN as they visit differ-
ent locations because the spatial distribution of outdoor ALAN is not even. Further, people’s
nighttime activity spaces may still be considerable even if they are significantly smaller than
people’s daytime activity spaces. Ignoring people’s nighttime mobility may thus lead to signifi-
cant contextual errors in the measured exposure to outdoor ALAN and misleading conclu-
sions, manifesting the uncertain geographic context problem (UGCoP) [25]. Hence, we argue
that it is necessary to incorporate people’s nighttime mobility and develop mobility-oriented
measurements (MOM) to study ALAN’s health effects, especially for individual-level epidemi-
ological investigations and analyses of causally relevant pathways.

MOM may effectively mitigate the contextual errors in outdoor ALAN exposure measure-
ments, and the current development and prevalence of portable GPS devices further enable
the precise delineation of people’s activity-travel trajectories with high temporal resolution
and adequate spatial accuracy. However, other factors may also induce measurement uncer-
tainties when measuring people’s exposure to outdoor ALAN, such as the spatial resolution of
outdoor ALAN representation [26]. A systematic investigation of these factors and
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uncertainties is still absent, which makes it difficult for researchers to find proper and causally
relevant contextual settings when measuring people’s exposure to outdoor ALAN. To fill this
research gap, this study conducted a systematic investigation of the contextual settings for
outdoor ALAN exposure measurements. We conceptualized the possible measurement uncer-
tainties induced by the potentially important factors from four controls of contextual settings
(Fig 1 presents the conceptual framework of our systematic investigation). In the following
sections, we first introduce our study area and data. We then detail our methods and 40 groups
of designated outdoor ALAN exposure measurements using various contextual settings. The
disparities between these measurements are summarized in the Results Section. The implica-
tions and limitations of this study are also highlighted in the Discussions Section. Finally, the
main conclusions are drawn from our results and discussions.

Methods and materials
Study area

We choose Hong Kong as our study area, which is one of the world’s most urbanized and
densely populated cities with well-developed nightscapes. Particularly, we choose two
representative communities in Hong Kong to conduct our field survey, one is the Sham Shui
Po (SSP) community and the other is the Tin Shui Wai (TSW) community (Fig 2). The
blocks of the SSP community included in our study have an area of about 5.35 km* and a
population of about 300,000 by 2018 [27]. SSP is an old town developed in the early stage of
Hong Kong. Correspondingly, SSP generally has low and crowded buildings enclosed by
bright streets at night and a nice nightscape (Fig 2C). The average luminosity in SSP is about
325.32 nW-cm™>-sr™" (derived from calibrated SDGSAT-1 Glimmer imagery). The TSW
community has an area of about 4.32 km” and a similar residential population of about
300,000 by 2018 [27]. Different from SSP, TSW is a new town developed in the 1980s. The
urban planning of TSW contains more open areas and the community is enclosed by more
rural geographic settings, such as the Hong Kong Wetland Park and Hong Kong’s fish farm
regions. The nightscape in TSW is less bright than that in SSP (Fig 2B) and the average
luminosity in TSW is about 210.78 nW-cm ™ 2-sr".
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Fig 2. The nightscapes of SSP and TSW. (a). The locations of SSP and TSW in Hong Kong, (b). the nightscape of TSW, and (c). the nightscape of SSP.
Background is from the 10-m spatial resolution SDGSAT-1 Glimmer imagery. The base map is reprinted from SDGSAT-1 Open Science Program under
a CC BY 4.0 license, with permission from SDGSAT-1 Chief Scientist Office, original copyright 2022.
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Remote sensing data collection

We collected multiple sets of NTL remote sensing image data from three data sources to inves-
tigate the measurement uncertainties induced by nightscape delineation using different sensor
configurations. The first NTL data source is the Suomi National Polar Partnership/Visible
Infrared Imaging Radiometer Suite (SNPP/VIIRS) Day Night Band (DNB) daily mosaic imag-
ery at the nominal 500 m spatial resolution [28], the second is the Luojial-01 CMOS Panchro-
matic imagery at the nominal 130 m spatial resolution [29], and the last is the Sustainable
Development Science Satellite 1 (SDGSAT-1) Glimmer imagery at the 10 m spatial resolution
[30]. Our data collection is currently the most comprehensive NTL data collection that can be
used to measure people’s exposure to outdoor ALAN. More details about the data’s attributes
are shown in Table 1.

SNPP/VIIRS images were collected from the National Oceanic and Atmospheric Adminis-
tration (NOAA) National Centers for Environmental Information (https://ngdc.noaa.gov/eog/
viirs/download_ut_mos.html), Luojial-01 images were collected from the Hubei Data and
Application Center (http://datasearch.hbeos.org.cn), and SDGSAT-1 images were collected
from the International Research Center of Big Data for Sustainable Development Goals
(http://www.sdgsat.ac.cn/). SNPP/VIIRS image product is pre-calibrated in the unit of
nW-cm™>-sr™" [31]. Luojial-01 images are calibrated using the following equation [32,33]:

DNLS
LLuojiulf(]l = Wv (1)

where Lj,0jia1-01 is the luminosity in the unit of W-m72~sr71~‘um71, and DN is the digital
number value on the original uncalibrated image. SDGSAT-1 images are calibrated using the
equation [34]:

LSDGSAT—l = DN=+*Gain + Bl‘as7 (2)

where Lgpgsar-1 is the luminosity in the unit of W-m™2 -sr_l-ym_l, DN is the digital number
value on the original uncalibrated image, and Gain and Bias are the linear calibration coeffi-
cients collected from the metadata of the product. To be consistent with SNPP/VIIRS and to
have convenient numbers, the unit of luminosity on Luojial-01 and SDGSAT-1 images are
both converted to nW-cm >-sr”".

All three sets of images are orthorectified and georeferenced to UTM Zone 49N coordinate
system based on the WGS84 ellipsoid, and they all can fully cover the entire Hong Kong. The
SNPP/VIIRS and SDGSAT-1 images both are cloud-free. While the Luojial-01 image may be
partially cloudy, the clouds do not occlude the main parts of Hong Kong and using it would
not lead to significant biases in outdoor ALAN exposure measurements. The SNPP/VIIRS and
SDGSAT-1 images are the most updated images that can match well with our field survey. The

Table 1. The sensor configurations of the NTL remote sensing data in this study.

Data source Acquisition date Imaging time (local time) Spatial resolution Spectral range Bandwidth Cloud occlusion
SDGSAT-1 12/7/2022 21:45:34.8 10 m 444-910 nm 466 nm None
Luojial-01 24/11/2018 22:46:52.2 130m® 460-980 nm 520 nm Partially

SNPP/VIIRS 8/12/2022 Daily mosaic * 500 m " 500-900 nm 400 nm None

* VIIRS image used in this study is a daily mosaic product, whose concrete imaging time is not available.
® Nominal spatial resolution according to the official introduction, actual spatial resolution may be slightly better in Hong Kong,
¢ According to the 3-day daytime observations from PlanetScope images, the Luojial-01 NTL image may be partially cloudy. However, the cross-validation indicates it

still can be used.

https://doi.org/10.1371/journal.pone.0298869.t001
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avaijlable Luojial-01 image is earlier than our field survey. However, since the nightscape in
Hong Kong does not significantly change in the short term, we assume that the slight mis-
match of image acquisition time does not lead to significant biases in outdoor ALAN exposure
measurements.

Due to the apparent disparities between sensor configurations (Table 1), the calibrated NTL
images may still not yield equivalent luminosity for the proper comparison of outdoor ALAN
exposure measurements. To mitigate the disparities induced by sensor configurations, we also
employed multiple linear models for cross-calibration between different data sources. We used
the luminosity on the SDGSAT-1 image as the reference, randomly collected about 300 sam-
ples (the maximum sample size that can be collected from SNPP/VIIRS image) in Hong Kong,
and established two linear models to predict the equivalent luminosity of SDGSAT-1 images
from either SNPP/VIIRS or Luojial-01 images. The 1-km buffer zones and the mean values
within buffer zones are used instead to mitigate the effects of different spatial resolutions. R* is
employed as the indicator for evaluating the goodness of cross-calibration between sensors.

GPS-derived activity-travel trajectories and questionnaires

The data collected from participants contain confidential private information and the project
was reviewed and approved by the Survey and Behavioral Research Ethics (SBRE) Committee of
the Chinese University of Hong Kong (Reference No. SBRE-19-123 approved on 8 January
2020). Written informed consent was obtained from all subjects involved in the study before
data were collected from them.

To precisely delineate participants’ nighttime activity space, we asked participants to record
and submit data through an integrated individual environmental exposure assessment system
(IEEAS) [35] consecutively for 7 days (5 weekdays and 2 weekends). The visited locations of
the 7 survey days were collected from each participant’s GPS-equipped mobile phone and then
assembled using the Kalman filter [36]. A time-series of sequentially visited locations (in longi-
tude and latitude) of each participant was derived at the 1-minute temporal resolution to retro-
spectively delineate the activity-travel trajectory during the 7-day survey period [37].

We also collected participants’ socio-demographic attributes, home addresses, and overall
health statuses through questionnaires. In the questionnaire, each participant was asked to rate
his or her overall health status. The response is provided on a 6-point scale ranging from excel-
lent to terrible. Due to the comparatively small sample size, the health status responses were
dichotomized as a binary variable based on either an overall good health status (excellent, very
good, and good) or an overall bad health status (bad, very bad, and terrible).

In total, our pilot field survey successfully recruited 222 participants from SSP and TSW
using a stratified sampling method, which is part of a larger project. The socio-demographic
characteristics of the participants were designed to be representative of the characteristics of
each community. Multiple axes of the socio-demography were used for stratification,
including age, gender, employment status, and monthly household income [27]. The field
survey was carried out from March 21%, 2021, to September 12, 2021. By excluding void
responses and incomplete activity trajectories, the survey finally yielded valid data from 208
participants, including 104 in SSP and 104 in TSW, respectively. A range of socio-demo-
graphic statuses through multiple axes can be adequately covered in our recruited partici-
pants (Table 2).

Measuring participants’ exposure to outdoor ALAN

We defined two types of outdoor ALAN exposure measurements (i.e., in-situ measurements
and buffer zone average measurements) for residence-based measurements (RBM) and
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Table 2. The socio-demographic profiles and self-reported overall health status in SSP/TSW.

Variable SSp TSW
Gender Male 44 (42.3%) 48 (46.2%)
Female 60 (57.7%) 56 (53.8%)
Age 18-24 16 (15.4%) 21 (20.2%)
25-44 52 (50.0%) 51 (49.0%)
45-64 36 (34.6%) 32 (30.8%)
Monthly household income * Low 47 (45.2%) 27 (26.0%)
Middle 32 (30.8%) 48 (46.2%)
High 25 (24.0%) 29 (27.8%)
Education level ® Low 37 (35.6%) 36 (34.6%)
Middle 55 (52.9%) 56 (53.8%)
High 12 (11.5%) 12 (11.5%)
Marital status € Single 53 (51.0%) 58 (55.8%)
Married 40 (38.5%) 35 (33.7%)
Others 11 (10.6%) 11 (10.6%)
Overall health status Excellent/very good/good 91 (87.5%) 93 (89.4%)
Bad/very bad/terrible 13 (12.5%) 11 (10.6%)
Total 104 (100.0%) 104 (100.0%)

# Monthly household income: The low-income group has an income of less than 20,000 Hong Kong dollars (HKD),
the middle-income group has an income of 20,000 ~ 39,999 HKD, and the high-income group has an income of
40,000 HKD or above.

® Education level: The low group graduated from middle school or lower, the middle group is with a bachelor’s
degree or certification, and the high group is with a master’s degree or higher.

¢ Other marital statuses include those divorced and widowed.

https://doi.org/10.1371/journal.pone.0298869.t002

mobility-oriented measurements (MOM), respectively. For the RBM, the in-situ outdoor
ALAN exposure measurement is the pixel value on the NTL image of a participant’s home
location:

E, ancreriin—sin = NTL, (X5 71) (3)

where NTL,(x, yp) is the NTL image pixel that contains a participant’s home location (xp, yp),
p is the spatial resolution of the NTL images, and p = 10 m, 130 m, and 500 m, respectively.
The first type of measurement is applied to all three sets of NTL images. However, since the
spatial resolution of SDGSAT-1 is high (10 m), in-situ measurements may not adequately cap-
ture all causally relevant outdoor ALAN exposure. We also derived the second type of outdoor
ALAN exposure measurement using the buffer zone average of NTL pixel values:

B _ JugNTLy (% 7)da W
'ALAN_RBM_buf fbufr d a ?

where buf, is the buffer zone around a participant’s home location with radius r, and r = 100
m, 300 m, and 500 m, respectively. NTL,(x, y) is the SDGSAT-1 NTL image pixel that is within
the designated buffer zone, and p = 10 m for the SDGSAT-1 NTL image. da is the pixel’s areal
size. The buffer zone average measurements are not applied to SNPP/VIIRS and Luojial-01
NTL images since their coarse spatial resolutions are not adequate to match the generally used
buffer zones.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298869  April 26, 2024 7/19


https://doi.org/10.1371/journal.pone.0298869.t002
https://doi.org/10.1371/journal.pone.0298869

PLOS ONE

Qutdoor ALAN exposure measurements and the UGCoP

For the MOM of outdoor ALAN exposure given an activity-travel trajectory in the form of
a series of visited locations P(x;, y;, t;), i = 1, 2, 3. ., the total exposure is defined as an accumu-
lation of a series of momentary exposure to outdoor ALAN at each location and weighted by
the duration of exposure at that location [37]. Particularly, for the in-situ measurement:

E AN MOM_in—situ = Z NTL, (X y)WT,, (5)

where NTL,(x;, y;) is the in-situ momentary exposure to outdoor ALAN at the i-th visited loca-
tion (x;, ¥;), and the temporal weight WT; at the i-th moment #; within the duration (D) of the
time-series is:

WT = 4L 1 (6)

On the other hand, for the buffer zone average measurement:

EALAN_MOM_Iauf = Z WSWT, (7)
and the momentary buffer zone average outdoor ALAN exposure WS; is:
NTL (x.,y;)da
WS, = Jug N1 (% 3 ) (8)
f buf, da

The MOM of people’s exposure to outdoor ALAN should be confined to nighttime by defi-
nition. We used the sunset and sunrise moments as the critical moments to define nighttime:
the phase after sunset and before sunrise is defined as the nighttime and the rest is defined as
the daytime [38]. The daytime momentary exposures to outdoor ALAN are assigned a value of
0. An R package is employed to facilitate the calculation of sunrise and sunset moments
(https://CRAN.R-project.org/package=suncalc, accessed on 10 January 2023).

Statistical analysis

We employed multiple paired sample t-tests and Welch two-sample t-tests to test the dispar-
ities between the measured outdoor ALAN exposures. Fig 3 gives an illustration of our sys-
tematic investigation of the disparities between different contextual settings. We

A Spatial Scale of Measurements Experiment design:
A. Residence-based or mobility-oriented measurements
500 m ® _ ; B. Original or cross-calibrated measurements
| 500-mbufferzone ¢ New town (TSW) or old town (SSP)
| 1. Directly compare sensors
| 1.1. SDGSAT-1in-situ vs. Luojial-01in-situ
| 1.2. Luojial-01in-situ vs. SNPP/VIIRSin-situ
400 m : 2. Comparesensors while controlling spatial scale
| 2.1. SDGSAT-1 65-m buffer zone vs. Luojial-01in-situ
| 2.2. SDGSAT-1250-m buffer zone vs. SNPP/VIIRS in-situ
3. Purely compare spatial scale
e : | ) P P
300mb - M 300-mbufferzorje 3.1. SDGSAT-1100-m vs. SDGSAT-1300-m
m /) | B C& 3.2. SDGSAT-1300-m vs. SDGSAT-1500-m
250-mbufferzone | A/ B, 2.2
__________ - "/ + W In-sitn (500-m spatial resolution)
| P
A C&31 I !
200 m e | {mrmemm -
J/ : | ; Legend: :
| [ i Experiment design i
, : : i SDGSAT-1 measurement settings !
i
100mp————— .’mo.mblmgr zone | ST | i Luojial-01 measurement settings
/ 65inbitterzone A B C&21 ! (130-m spatiajfesolution) : 'L SNPP/VIIRS measurement settings 1
/ In-situ (10~ Lk A, BC &1l C[) :
L 1 1 |
e} I - > Sensor
<— SDGSAT-1 ——| Luojial-01 SNPP/VIIRS

Fig 3. The experimental design to systematically investigate the disparities between outdoor ALAN
measurements.

https://doi.org/10.1371/journal.pone.0298869.g003
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implemented multiple groups of comparisons: the first group tested the disparities induced
by NTL images using in-situ measurements. To mitigate the disparities induced by the vastly
different spatial resolutions, we also derived the 65-m buffer zone average measurements
from SDGSAT-1 image to match the 130-m spatial resolution Luojial-01 in-situ measure-
ments, and the 250-m buffer zone average measurements from SDGSAT-1 image to match
the 500-m spatial resolution SNPP/VIIRS in-situ measurements. Finally, the third group
purely compared different buffer zone radiuses using SDGSAT-1 measurements. In each
group of measurements, we first tested the disparities between RBM and MOM of partici-
pants’ exposure to outdoor ALAN. We then compared the measurements derived from orig-
inal NTL image values and the cross-calibrated NTL image values. Finally, we compared the
measurements from different geographic contexts. In total, we derived 40 groups of outdoor
ALAN exposure measurements using different contextual settings and systematically inves-
tigated the disparities induced by sensor configurations and spatial resolutions (SNPP/
VIIRS/500 m, Luojial-01/130 m, and SDGSAT-1/10m), buffer zone radiuses (100 m, 300 m,
and 500 m), cross-calibration or not, measurement approaches (RBM vs. MOM, and in-situ
vs. buffer zone average), and geographic contexts (SSP/old town vs. TSW/new town).

The contextual errors induced by improper contextual settings when measuring people’s
exposure to outdoor ALAN may lead to misleading results when analyzing the effects of out-
door ALAN on human health. To articulate this issue, 40 binary logistic regression models
were estimated to model participants’ self-reported overall health outcomes (the Logit values
indicate the probability of a participant being healthy, which is the logarithmic value of the
ratio of the probability of being healthy over the probability of being not healthy) using each
measured exposure to outdoor ALAN as a predictor, respectively. Several socio-demographic
variables are also incorporated into these models to control for the effects of possible con-
founders, including age, gender, educational level, marital status, and socio-economic status
[37,39,40]. The effect size of each measured exposure to outdoor ALAN and the corresponding
p-value are used to discuss the robustness of the measured exposure to outdoor ALAN across
the gradients of contextual settings.

Results
The measured exposure to outdoor ALAN

The nightscapes of Hong Kong were successfully delineated using the three sets of NTL images
employed in this study, and the cross-calibration has been successfully applied to them
through linear models with adequately high R* (Table 3). The high R” values indicate that the
delineated nightscapes from different remote sensing satellites can be consistent with each
other. However, the coefficients of the cross-calibration are apparently different from 1, and
the luminosity derived from the sensor with a lower spatial resolution seems to be underesti-
mated. Hong Kong government gradually replaced the Hong Kong street lights with LED
lights since 2017 [41], and LED emission has one blue peak centered around about 450 nm

Table 3. The cross-calibration between different remote sensing NTL data.

Reference Predictor
SDGSAT-1 Luojial-01
SDGSAT-1 SNPP/VIIRS
Luojial-01 SNPP/VIIRS

* Unit of luminosity (L): nWeem 2sr .

https://doi.org/10.1371/journal.pone.0298869.t003

Equation * R? Sample Size
Loposars = LAT*Ly, 01 o +23.14 0.925 294
Loposar—s = 2:20%Loypp s + 1171 0.805 294
Lyporon = LAG* Loy s — 6.93 0.857 294
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Resampled, 500 m

(420 nm- 480 nm) [42]. SDGSAT-1’s sensor fully intakes this peak, Luojial-01’s sensor par-
tially intakes this peak, while SNPP/VIIRS’s sensor fully excludes this peak (Table 1 spectral
ranges of the sensors). The disparity in energy intake may be the primary reason for the under-
estimation of the sensor with a lower spatial resolution. This disparity also emphasizes that
cross-calibration between NTL images may be necessary to mitigate the measurement uncer-
tainties induced by the sensor spectral configurations. On the other hand, the spatial resolution
itself may also be an essential source that leads to measurement uncertainties (Fig 4). Because
urban nightscapes have drastic changes across space, a coarse spatial resolution (SNPP/VIIRS,
500 m) may not adequately and precisely capture people’s exposure to outdoor ALAN within
small nighttime activity spaces.

Ignoring people’s nighttime mobility is another essential source of contextual errors when
measuring people’s exposure to outdoor ALAN. Fig 5 provides an example to illustrate partici-
pants’ nighttime activity spaces and the corresponding momentary outdoor ALAN exposure
measurements. People may have lower mobility during the nighttime than that during the day-
time, but their activity spaces may still be significantly larger than the conventionally assumed
500-m buffer zone around home locations. Meanwhile, people’s exposure to outdoor ALAN
may have drastic changes in different visited locations, while ignoring people’s nighttime
mobility may exclude a large amount of actual exposure to outdoor ALAN along their activity-
travel trajectories and then may manifest the UGCoP.

The buffer zone radius may also be an influential factor in the measurements of
people’s exposure to outdoor ALAN. Because the in-situ measurements may not
adequately capture all the outdoor ALAN exposure on the fine-grained NTL imagery
(e.g., SDGSAT-1 Glimmer imagery), a buffer zone may be necessary to include all the
causally relevant outdoor ALAN exposure. However, since the nightscape in the urban
area changes drastically across space, different buffer zone sizes may yield significantly
different measurement results (Fig 5). A too-large buffer zone may either include much
outdoor ALAN that a person does not get exposed to or underestimate the exposure
intensity through the average effect of non-essential dark areas, which also manifests
the UGCoP.

Shatin CBD
Hong Kong

SDGSAT-1, 10 m

Resampled, 130 m

(b)

Fig 4. The disparities induced by the spatial resolutions of remote sensing data, using the nightscape in Sha Tin CBD as an example. (a) The resampled
SDGSAT-1 imagery with 500-m spatial resolution, equivalent to the SNPP/VIIRS DNB imagery, (b) the resample SDGSAT-1 imagery with 130-m spatial
resolution, equivalent to the Luojial-01 Panchromatic imagery, and (c) the original SDGSAT-1 Glimmer imagery with 10-m spatial resolution. The base map is
reprinted from SDGSAT-1 Open Science Program under a CC BY 4.0 license, with permission from SDGSAT-1 Chief Scientist Office, original copyright 2022.

https://doi.org/10.1371/journal.pone.0298869.g004
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Fig 5. The spatial variation of exposure to outdoor ALAN. Apparent spatial variation can be observed along a participant’s nighttime activity-travel
trajectory. The base map is reprinted from SDGSAT-1 Open Science Program under a CC BY 4.0 license, with permission from SDGSAT-1 Chief Scientist
Office, original copyright 2022.

https://doi.org/10.1371/journal.pone.0298869.9005

The disparities induced by contextual settings

Forty groups of outdoor ALAN exposure measurements were successfully derived using our
SSP and TSW sample sets with different contextual settings (Fig 6). We also observed a range of
significant disparities induced by different contextual settings (Tables 4-7). The primary

400-
|
| [ [ |
3001 } .‘ Category
S SSP Mobility
[
Z ‘ ‘ ‘ ‘ SSP Residence
o ; ’ : ‘ l [ I \ —— TSW Mobility
2 . T [ ] )
200- ¢ ' TSW Residence
100-

R500m  R500m_CC  R130m  R130m_CC  R010m B065m B100m B250m B300m B500m
Measurement Settings and Spatial Scales

Fig 6. The mean values of measured exposure to outdoor ALAN using the designated 40 groups of contextual settings, bounded with 95% confidence
intervals. r???m: In-situ measurements using the given spatial resolution; CC: Cross-calibrated; b???m: Zonal mean value using the given buffer radius. Unit of

outdoor ALAN exposure mean values: nW-cm ™ >-sr .

https://doi.org/10.1371/journal.pone.0298869.g006
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Table 4. Two-sample t-tests of differences between different geographic contexts.

Mobility-oriented measurements Residence-based measurements
Setting * D (SE) t p-value Setting * D (SE) t p-value
M_r500m 38.77 (3.31) 11.701 <0.001** R_r500m 38.19 (3.34) 11.441 <0.001**
M_r500m_CC 85.44 (7.30) 11.701 <0.001** R_r500m_CC 84.15 (7.36) 11.441 <0.001**
M_r130m 69.13 (9.84) 7.024 <0.001** R_r130m 68.30 (10.21) 6.691 <0.001**
M_r130m_CC 101.73 (14.48) 7.024 <0.001** R_r130m_CC 100.51 (15.02) 6.691 <0.001**
M_r010m 124.32 (25.71) 4.835 <0.001** R_r010m 91.10 (22.86) 3.985 <0.001**
M_b065m 122.50 (19.85) 6.170 <0.001** R_b065m 99.19 (23.43) 4.234 <0.001**
M_b100m 116.52 (16.67) 6.989 <0.001** R_b100m 131.09 (15.61) 8.398 <0.001**
M_b250m 118.00 (11.77) 10.029 <0.001** R_b250m 112.26 (8.45) 13.281 <0.001**
M_b300m 116.48 (11.00) 10.589 <0.001** R_b300m 105.06 (7.76) 13.537 <0.001**
M_b500m 126.81 (9.65) 13.139 <0.001** R_b500m 120.78 (7.46) 16.195 <0.001**

Unit of the mean of difference (D) and standard error (SE): nW-cm™

r???m: In-situ measurement using the given spatial resolution, and b???m: Zonal mean value using the given buffer zone radius).

2

* SSP measurements-TSW measurements. 104 samples in SSP and 104 samples in TSW, respectively.

**Significant different from 0 at the 0.01 level, 2-tailed tests and do not assume equal variances of two samples.

sl (M Mobility-oriented measurement, R: Residence-based measurement, CC: Cross-calibrated,

https://doi.org/10.1371/journal.pone.0298869.t004

disparities are between geographic contexts (Table 4). All SSP exposure measurements are sig-

nificantly higher than TSW exposure measurements, which is consistent with the nightscape

conditions within these two communities (Fig 2). Meanwhile, both coarser spatial resolutions
and larger buffer zone radiuses may magnify the disparities between geographic contexts. The
second group of significant disparities can be observed between the RBM and MOM (Table 5).
Multiple significant disparities can be observed except for these measurements using larger
buffer zones in TSW and the Luojial-01 measurements. Most measurements using MOM are
larger than those using RBM except for these SNPP/VIIRS measurements. Coarser spatial reso-
lution tends to invert the disparities between RBM and MOM (disparities change from positive
to negative), and a larger buffer zone tends to mitigate the disparities between RBM and MOM.

Table 5. Paired-sample t-tests of differences between mobility-oriented and residence-based measurements of people’s exposure to outdoor ALAN.

Pair SSP (N = 104) TSW (N = 104)
D (SE) t p-value D (SE) t p-value
M_r500m - R_r500m -5.75 (1.84) -3.126 0.002** -6.33 (1.74) -3.633 0.000**
M_r500m_CC—R_r500m_CC -12.67 (4.05) -3.126 0.002** -13.95 (3.84) -3.633 0.000**
M_r130m - R_r130m 11.03 (6.51) 1.695 0.093 10.20 (8.59) 1.187 0.238
M_r130m_CC—R_r130m_CC 16.24 (9.58) 1.695 0.093 15.01 (12.65) 1.187 0.238
M_r010m - R_r010m 144.65 (21.36) 6.773 <0.001** 111.42 (21.16) 5.265 <0.001**
M_b065m - R_b065m 68.41 (13.41) 5.103 <0.001** 45.10 (20.23) 2.230 0.028*
M_b100m - R_b100m 35.79 (13.02) 2.750 0.007** 50.36 (10.60) 4.749 <0.001**
M_b250m - R_b250m 15.71 (7.17) 2.192 0.031* 9.97 (8.23) 1.211 0.229
M_b300m - R_b300m 18.90 (6.48) 2917 0.004** 7.47 (7.40) 1.010 0.315
M_b500m - R_b500m 12.83 (5.21) 2.465 0.015* 6.81 (6.38) 1.067 0.289

2t (M: Mobility-oriented measurement, R: Residence-based measurement, CC: Cross-calibrated,

Unit of the mean of difference (D) and standard error (SE): nW-cm™
r???m: In-situ measurement using the given spatial resolution, and b???m: Zonal mean value using the given buffer zone radius).
*Significant different from 0 at the 0.05 level, 2-tailed tests.

**Significant different from 0 at the 0.01 level, 2-tailed tests.

https://doi.org/10.1371/journal.pone.0298869.t005
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Table 6. Paired-sample t-tests of differences between measured exposures to outdoor ALAN while controlling contextual settings from NTL imagery.

Pair SSP (N =104) TSW (N =104)
D (SE) t p-value D (SE) t p-value
M_r010m - M_r130m 153.16 (19.69) 7.780 <0.001** 97.96 (11.16) 8.781 <0.001**
M_r130m - M_r500m 108.05 (5.46) 19.799 <0.001** 77.70 (7.38) 10.529 <0.001**
M_b065m - M_r130m 140.55 (14.10) 9.966 <0.001** 87.18 (8.88) 9.822 <0.001**
M_b250m - M_r500m 232.28 (7.58) 30.661 <0.001** 153.05 (7.78) 19.663 <0.001**
M_r010m - M_r130m_CC 20.62 (19.44) 1.061 0.291 -1.97 (11.44) -0.173 0.863
M_b065m - M_r130m_CC 8.02 (13.98) 0.573 0.568 -12.76 (9.72) -1.312 0.192
M_b250m - M_r500m_CC 71.44 (8.12) 8.793 <0.001** 38.87 (7.51) 5.173 <0.001**
R _r010m - R_r130m 19.54 (15.63) 1.250 0.214 -3.26 (18.69) -0.174 0.862
R_r130m - R_r500m 91.27 (5.06) 18.030 <0.001** 61.16 (8.83) 6.924 <0.001**
R_b065m - R_r130m 83.17 (11.18) 7.442 <0.001** 52.28 (22.61) 2.312 0.023*
R_b250m - R_r500m 210.82 (6.03) 34.967 <0.001** 136.75 (6.11) 22.395 <0.001**
R_r010m - R_r130m_CC -107.79 (15.91) -6.773 <0.001** -98.38 (21.12) -4.658 <0.001**
R_b065m - R_r130m_CC -44.16 (11.62) -3.801 <0.001** -42.85 (24.79) -1.728 0.087
R_b250m - R_r500m_CC 43.06 (7.40) 5.815 <0.001** 14.95 (7.14) 2.094 0.039*

Unit of the mean of difference (D) and standard error (SE): nW-cm ™ 2-sr L. (M: Mobility-oriented measurement, R: Residence-based measurement, CC: Cross-calibrated,
r?2?2m: In-situ measurement using the given spatial resolution, and b???m: Zonal mean value using the given buffer zone radius).

*Significant different from 0 at the 0.05 level, 2-tailed tests.

**Significant different from 0 at the 0.01 level, 2-tailed tests.

https://doi.org/10.1371/journal.pone.0298869.t006

Multiple significant disparities can also be observed between different sensors but the
results are complicated (Table 6). Because of the disparities in spectral bandwidths and spa-
tial resolutions between different sensors, it is very easy to observe significant disparities
between the measurements using different sensors, using either RBM or MOM in both SSP
and TSW. Cross-calibration can mitigate the disparities induced by the sensor’s spectral
configurations in most cases (indicated by the smaller absolute t values), but significant dis-
parities can still be observed. The results particularly emphasize that the disparities between
different sensors and NTL images cannot be easily and adequately mitigated, and the proper
delineation of urban nightscape for outdoor ALAN exposure measurement may rely on the
initial proper choice of the appropriate remote sensing data source. Finally, the buffer zone
size may also induce significant disparities in the outdoor ALAN exposure measurements
(Table 7). Because the in-situ measurements using fine-grained NTL images (e.g., SDGSAT-

Table 7. Paired-sample t-tests of differences between measured exposures to outdoor ALAN while controlling contextual settings of buffer zone radius.

Pair SSP (N =104) TSW (N =104)
D (SE) t p-value D (SE) t p-value
M_b500m - M_b300m -8.67 (4.04) -2.145 0.034* -19.01 (3.59) -5.289 <0.001**
M_b300m - M_b100m -11.95 (9.04) -1.322 0.189 -11.91 (7.46) -1.597 0.113
R_b500m - R_b300m -2.61 (5.44) -0.480 0.632 -18.34 (4.47) -4.105 <0.001**
R_b300m - R_b100m 4.95(11.23) 0.440 0.661 30.98 (9.70) 3.192 0.002**

2t (M: Mobility-oriented measurement, R: Residence-based measurement, CC: Cross-calibrated,

Unit of the mean of difference (D) and standard error (SE): nW-cm™
r???m: In-situ measurement using the given spatial resolution, and b???m: Zonal mean value using the given buffer zone radius).
*Significant different from 0 at the 0.05 level, 2-tailed tests.

**Significant different from 0 at the 0.01 level, 2-tailed tests.

https://doi.org/10.1371/journal.pone.0298869.t007
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1 10 m) may not adequately capture all causally relevant outdoor ALAN exposure, a buffer
zone may be necessary in such case. However, because the nightscape in urban areas change
drastically across space, the results can be vastly different when using different buffer zone
radii. We observed multiple disparities due to different buffer zone sizes, but it is very
difficult to summarize a consistent trend of the buffer zone’s effects either on the purely
fine-grained measurements (Table 7) or on the mitigation of disparities induced by sensor
configurations (Table 6).

The modeled overall health outcomes using measured exposure to outdoor
ALAN

Improper contextual settings in the outdoor ALAN measurements may include too many con-
textual errors and may thus lead to erroneous conclusions and interpretations when predicting
people’s health outcomes. To articulate this issue, we used our 40 groups of designated outdoor
ALAN exposure measurements and logistic regression to predict participants’ self-reported
overall health (Fig 7). For most cases, we observed a positive effect of exposure to outdoor
ALAN on people’s overall health. Since ALAN may provide urban residents with bright space
for nighttime exercises [7], may increase residents’ perception of neighborhood safety [8], and
the beautiful nightscape may help release people’s mental stress [9], it is reasonable to observe
a positive effect of ALAN on participants’ overall health outcomes through potential indirect
causal pathways. However, we only observed one effect size of outdoor ALAN exposure in
TSW that is significantly different from 0 at the 0.05 level. The corresponding measurement is
derived using MOM, SDGSAT-1 10 m spatial resolution, and a 65 m buffer zone. These results
indicate that it is very difficult to have a precise and causally relevant measurement of people’s
exposure to outdoor ALAN. Consequentially, according to our results, we suggest the mobil-
ity-oriented measurements of people’s exposure to outdoor ALAN using fine spatial resolution
and a very small buffer zone.

~&— SSP Mobility

\ ! ‘ Category
\

~& SSP Residence

& TSW Mobility
TSW Residence

R130m  R130m_CC  R010m B065m B100m B250m B300m B500m
Measurement Settings and Spatial Scales

Fig 7. The logit values bounded with 95% confidence intervals using the designated 40 groups of outdoor ALAN exposure measurements with different
contextual settings and binary logistic regression. The estimated logit values were adjusted by age, gender, educational level, marital status, and socio-
economic status. r???m: In-situ measurements using the given spatial resolution; CC: Cross-calibrated; b???m: Zonal mean value using the given buffer radius.
*Significantly different from 0 at the 0.05 level.

https://doi.org/10.1371/journal.pone.0298869.g007
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Discussions

Methodological issues when measuring people’s exposure to outdoor ALAN

Multiple significant disparities have been observed in our systematic investigation of measur-
ing people’s exposure to outdoor ALAN, which manifests the UGCoP [25]. These disparities
can be attributed to contextual errors, and these contextual errors stem from mainly two
sources. The most complicated source of contextual errors is the sensors’ spectral band ranges
and spatial resolutions. For example, VIIRS imagery has a spatial resolution of 500 m, and
each digital number (DN) value on the imagery can be considered as the average luminosity of
a circular region with a diameter of about 500 m. It is not reasonable to assume that a person
can get exposed to all the light in that region at a single moment. Consequentially, the in-situ
measurements using VIIRS imagery must contain irrelevant outdoor ALAN. Meanwhile, the
spectral configuration of VIIRS may also exclude some light that is relevant to human health
concerns, especially the shortwave (blue) light (Table 1). Our results indicate that sensors’ con-
figurations have a critical influence on the delineation of people’s exposure to outdoor ALAN,
while the cross-calibration between sensors and the buffer zones that are designed to mitigate
the disparities between spatial resolutions cannot effectively mitigate the disparities between
sensors. Correspondingly, we suggest choosing the proper remote sensing data source at the
beginning. Otherwise, it is difficult to rectify the results.

The other essential disparity is between RBM and MOM of people’s exposure to outdoor
ALAN, while ignoring people’s nighttime mobility is the other essential source of contextual
errors [1]. These contextual errors are included in the measurements, which enlarges the
uncertainties when using these measurements to model people’s health concerns. The esti-
mated effect sizes may then have shifted magnitudes and downgraded levels of significance,
and we may conclude insignificant observations while they are actually significant (i.e., Type II
error) [25]. Besides those significant disparities between RBM and MOM, we also observed
one single significant effect size only when using the MOM of outdoor ALAN exposure to pre-
dict people’s overall health. These results indicate that it is necessary to carefully determine the
approach to measuring people’s exposure to outdoor ALAN. Otherwise, the measurements
may contain too many contextual errors and may lead to erroneous conclusions. Consequen-
tially, we would like to suggest the MOM of people’s exposure to outdoor ALAN using a finer
spatial resolution and a very small buffer zone.

The implications of this study

Our systematic investigation of the contextual settings in the measurements of people’s expo-
sure to outdoor ALAN provides multiple essential implications for a wide range of studies that
examine the health effects of outdoor ALAN exposure. First, we confirmed that different con-
textual settings may lead to different measured exposure to outdoor ALAN, including remote
sensing data sources and sensor configurations (e.g., spectral band ranges and spatial resolu-
tions), cross-calibration or not, measurement approaches (RBM or MOM, in-situ observations
or buffer zone average values), and geographic settings. Second, we figured out that it is very
difficult to derive a causally relevant exposure to outdoor ALAN, and erroneous and mislead-
ing results may be common due to the uncertainties in the exposure measurements. Finally,
we would like to suggest using MOM, SDGSAT-1 Glimmer imagery and a very small buffer
zone to derive people’s outdoor ALAN exposure.

Our observations indicate the potential positive health effects of outdoor ALAN exposure
on urban residents. Outdoor ALAN may provide essential bright space for nighttime physical
exercises and beautiful nightscapes may promote people’s mental health [1]. These may be the
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reasons why we observed such positive associations. Our study is also the first implementation
for the MOM of people’s exposure to outdoor ALAN, and our observations argue that this
shift of research paradigm from RBM to MOM is necessary. Meanwhile, since we observed
that it is easy for outdoor ALAN exposure measurements to contain contextual errors, it may
be necessary to re-assess previous studies that use RBM of outdoor ALAN exposure
measurements.

The limitation of this study

Our primary limitation is the relatively small sample size. Due to the difficulties in the data col-
lection, this pilot study only recruited about 200 participants. Although this sample size is ade-
quate for methodological studies of measurement uncertainties, our data collection is not
adequate to articulate the disparities in the outdoor ALAN exposure measurements between
different socio-demographic groups.

We also need to highlight two issues of outdoor ALAN exposure measurements induced by
our data collections. First, outdoor ALAN exposure measured using remote sensing data may
not directly represent the eye-level received ALAN due to the angle effect [43], whereby the
disturbance of human circadian rhythms and the adverse health impacts of outdoor ALAN
may not be effectively captured [1]. Portable sensors with cameras may address this issue, but
such an approach considerably increases the risks of violating human privacy and thus may
not be permitted. Hence, our approach using remote sensing data is still the most practical
approach for individual-level epidemiological investigations with large sample sets. Secondly,
our cross-sectional study within a short period yielded the so-called acute exposure to ALAN,
which may not support the arguments concerning the associations between chronic exposure
to ALAN and the risks of other health concerns (e.g., breast cancer and obesity) [1]. A large
sample size from our future longitudinal data collection may further strengthen and extend
our understanding of the uncertainties induced by contextual settings, the environmental
injustice between different socio-demographic groups when measuring people’s exposure to
outdoor ALAN, and other concrete health concerns like sleep disorders, mental stress, and
nighttime physical exercises.

Conclusions

In this study, we systematically investigated the measurement uncertainties induced by contex-
tual settings in the outdoor ALAN exposure measurements in different geographic contexts,
including remote sensing data sources, spatial scales, and measurement approaches (resi-
dence-based or mobility-oriented measurements, in-situ measurements or buffer zone average
values). We observed a range of significant disparities induced by different contextual settings,
which empirically manifest the UGCoP. We concluded that the disparities induced by remote
sensing data sources cannot be effectively mitigated and it is necessary to choose the correct
data source at the very beginning. We also suggested that it is very difficult to obtain causally
relevant outdoor ALAN exposure measurements when using outdoor ALAN exposure mea-
surements to model people’s overall health. According to our results, we suggest future studies
to measure people’s outdoor ALAN exposure using mobility-oriented measurements,
SDGSAT-1 Glimmer imagery, and a very small buffer zone.

Acknowledgments

We would like to thank Prof. Peifeng Ma, Prof. Qiming Zheng, and Fangxu Deng for their sug-
gestions and help with the remote sensing data preprocessing.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298869  April 26, 2024 16/19


https://doi.org/10.1371/journal.pone.0298869

PLOS ONE

Qutdoor ALAN exposure measurements and the UGCoP

Author Contributions

Conceptualization: Yang Liu, Mei-Po Kwan.

Formal analysis: Yang Liu.

Funding acquisition: Mei-Po Kwan.

Methodology: Yang Liu, Mei-Po Kwan.

Project administration: Mei-Po Kwan.

Resources: Mei-Po Kwan.

Validation: Yang Liu.

Visualization: Yang Liu.

Writing - original draft: Yang Liu, Mei-Po Kwan.

Writing - review & editing: Yang Liu, Mei-Po Kwan.

References

1.

10.

11.

12.

13.

Liu'Y, Yu C, Wang K, Kwan M-P, Tse LA. Linking Atrtificial Light at Night with Human Health via a Multi-
Component Framework: A Systematic Evidence Map. Environments. 2023; 10(3):39.

Hastings MH, Maywood ES, Brancaccio M. Generation of circadian rhythms in the suprachiasmatic
nucleus. Nature Reviews Neuroscience. 2018; 19(8):453—69. https://doi.org/10.1038/s41583-018-
0026-z PMID: 29934559

Stevens RG. Light-at-night, circadian disruption and breast cancer: assessment of existing evidence.
International journal of epidemiology. 2009; 38(4):963-70. https://doi.org/10.1093/ije/dyp178 PMID:
19380369

Lai KY, Sarkar C, Ni MY, Cheung LW, Gallacher J, Webster C. Exposure to light at night (LAN) and risk
of breast cancer: A systematic review and meta-analysis. Science of the Total Environment. 2021;
762:143159. https://doi.org/10.1016/j.scitotenv.2020.143159 PMID: 33131852

McFadden E, Jones ME, Schoemaker MJ, Ashworth A, Swerdlow AJ. The relationship between obesity
and exposure to light at night: cross-sectional analyses of over 100,000 women in the Breakthrough
Generations Study. American journal of epidemiology. 2014; 180(3):245-50. https://doi.org/10.1093/
aje/kwu117 PMID: 24875371

Dumont M, Beaulieu C. Light exposure in the natural environment: relevance to mood and sleep disor-
ders. Sleep medicine. 2007; 8(6):557—65. https://doi.org/10.1016/j.sleep.2006.11.008 PMID: 17383230

Uddin R, Burton NW, Khan A. Perceived environmental barriers to physical activity in young adults in
Dhaka City, Bangladesh—does gender matter? International health. 2018; 10(1):40-6. https://doi.org/
10.1093/inthealth/ihx057 PMID: 29329428

Lorenc T, Petticrew M, Whitehead M, Neary D, Clayton S, Wright K, et al. Fear of crime and the environ-
ment: systematic review of UK qualitative evidence. BMC public health. 2013; 13:1-8.

Nofre J. Nightlife as a source of social wellbeing, community-building and psychological mutual support
after the Covid-19 pandemic. Annals of Leisure Research. 2021:1-9.

Yamauchi M, Jacono FJ, Fujita Y, Kumamoto M, Yoshikawa M, Campanaro CK, et al. Effects of envi-
ronment light during sleep on autonomic functions of heart rate and breathing. Sleep and Breathing.
2014; 18:829-35. https://doi.org/10.1007/s11325-014-0951-7 PMID: 24522288

Suhner AG, Murphy PJ, Campbell SS. Failure of timed bright light exposure to alleviate age-related
sleep maintenance insomnia. Journal of the American Geriatrics Society. 2002; 50(4):617-23. https:/
doi.org/10.1046/j.1532-5415.2002.50154.x PMID: 11982660

Scheer FA, Michelson AD, Frelinger AL IIl, Evoniuk H, Kelly EE, McCarthy M, et al. The human endoge-
nous circadian system causes greatest platelet activation during the biological morning independent of
behaviors. PloS one. 2011; 6(9):e24549. https://doi.org/10.1371/journal.pone.0024549 PMID:
21931750

McHill AW, Melanson EL, Higgins J, Connick E, Moehlman TM, Stothard ER, et al. Impact of circadian
misalignment on energy metabolism during simulated nightshift work. Proceedings of the National
Academy of Sciences. 2014; 111(48):17302-7. https://doi.org/10.1073/pnas.1412021111 PMID:
25404342

PLOS ONE | https://doi.org/10.1371/journal.pone.0298869  April 26, 2024 17/19


https://doi.org/10.1038/s41583-018-0026-z
https://doi.org/10.1038/s41583-018-0026-z
http://www.ncbi.nlm.nih.gov/pubmed/29934559
https://doi.org/10.1093/ije/dyp178
http://www.ncbi.nlm.nih.gov/pubmed/19380369
https://doi.org/10.1016/j.scitotenv.2020.143159
http://www.ncbi.nlm.nih.gov/pubmed/33131852
https://doi.org/10.1093/aje/kwu117
https://doi.org/10.1093/aje/kwu117
http://www.ncbi.nlm.nih.gov/pubmed/24875371
https://doi.org/10.1016/j.sleep.2006.11.008
http://www.ncbi.nlm.nih.gov/pubmed/17383230
https://doi.org/10.1093/inthealth/ihx057
https://doi.org/10.1093/inthealth/ihx057
http://www.ncbi.nlm.nih.gov/pubmed/29329428
https://doi.org/10.1007/s11325-014-0951-7
http://www.ncbi.nlm.nih.gov/pubmed/24522288
https://doi.org/10.1046/j.1532-5415.2002.50154.x
https://doi.org/10.1046/j.1532-5415.2002.50154.x
http://www.ncbi.nlm.nih.gov/pubmed/11982660
https://doi.org/10.1371/journal.pone.0024549
http://www.ncbi.nlm.nih.gov/pubmed/21931750
https://doi.org/10.1073/pnas.1412021111
http://www.ncbi.nlm.nih.gov/pubmed/25404342
https://doi.org/10.1371/journal.pone.0298869

PLOS ONE

Qutdoor ALAN exposure measurements and the UGCoP

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Xiao Q, Gierach GL, Bauer C, Blot WJ, James P, Jones RR. The association between outdoor artificial
light at night and breast cancer risk in black and white women in the Southern Community Cohort
Study. Environmental Health Perspectives. 2021; 129(8):087701. https://doi.org/10.1289/EHP9381
PMID: 34379524

Xiao Q, James P, Breheny P, Jia P, Park Y, Zhang D, et al. Outdoor light at night and postmenopausal
breast cancer risk in the NIH-AARP diet and health study. International journal of cancer. 2020; 147
(9):2363—72. https://doi.org/10.1002/ijc.33016 PMID: 32488897

Park Y-MM, White AJ, Jackson CL, Weinberg CR, Sandler DP. Association of exposure to artificial light
at night while sleeping with risk of obesity in women. JAMA internal medicine. 2019; 179(8):1061-71.
https://doi.org/10.1001/jamainternmed.2019.0571 PMID: 31180469

Zheng Q, Seto KC, Zhou Y, You S, Weng Q. Nighttime light remote sensing for urban applications:
Progress, challenges, and prospects. ISPRS Journal of Photogrammetry and Remote Sensing. 2023;
202:125-41.

Liu Y, Kwan M-P, Wong MS, Yu C. Current methods for evaluating People’s exposure to green space:
A scoping review. Social Science & Medicine. 2023:116303. https://doi.org/10.1016/j.socscimed.2023.
116303 PMID: 37866172

Rybnikova N, Haim A, Portnov BA. Does artificial light-at-night exposure contribute to the worldwide
obesity pandemic? International Journal of Obesity. 2016; 40(5):815-23. https://doi.org/10.1038/ijo.
2015.255 PMID: 26795746

Kloog |, Stevens RG, Haim A, Portnov BA. Nighttime light level co-distributes with breast cancer inci-
dence worldwide. Cancer Causes & Control. 2010; 21:2059-68. https://doi.org/10.1007/s10552-010-
9624-4 PMID: 20680434

Kim YJ, Lee E, Lee HS, Kim M, Park MS. High prevalence of breast cancer in light polluted areas in
urban and rural regions of South Korea: An ecologic study on the treatment prevalence of female can-
cers based on National Health Insurance data. Chronobiology international. 2015; 32(5):657-67.
https://doi.org/10.3109/07420528.2015.1032413 PMID: 25955405

Keshet-Sitton A, Or-Chen K, Huber E, Haim A. llluminating a risk for breast cancer: a preliminary eco-
logical study on the association between streetlight and breast cancer. Integrative Cancer Therapies.
2017; 16(4):451-63. https://doi.org/10.1177/1534735416678983 PMID: 27899698

Kloog |, Haim A, Stevens RG, Barchana M, Portnov BA. Light at night co-distributes with incident breast
but not lung cancer in the female population of Israel. Chronobiology international. 2008; 25(1):65-81.
https://doi.org/10.1080/07420520801921572 PMID: 18293150

Rybnikova N, Portnov BA. Population-level study links short-wavelength nighttime illumination
with breast cancer incidence in a major metropolitan area. Chronobiology international. 2018; 35
(9):1198-208. https://doi.org/10.1080/07420528.2018.1466802 PMID: 29768068

Kwan M-P. The uncertain geographic context problem. Annals of the Association of American Geogra-
phers. 2012; 102(5):958-68.

Mclsaac MA, Sanders E, Kuester T, Aronson KJ, Kyba CC. The impact of image resolution on power,
bias, and confounding: a simulation study of ambient light at night exposure. Environmental epidemiol-
ogy. 2021; 5(2). https://doi.org/10.1097/EE9.0000000000000145 PMID: 33870017

LiuY, Kwan M-P, Kan Z. Inconsistent Association between Perceived Air Quality and Self-Reported
Respiratory Symptoms: A Pilot Study and Implications for Environmental Health Studies. International
Journal of Environmental Research and Public Health. 2023; 20(2):1491. https://doi.org/10.3390/
ijerph20021491 PMID: 36674246

Chen H, Sun C, Xiong X, Sarid G, Sun J. SNPP VIIRS day night band: ten years of on-orbit calibration
and performance. Remote Sensing. 2021; 13(20):4179.

Li X, Zhao L, Li D, Xu H. Mapping urban extent using Luojia 1-01 nighttime light imagery. Sensors.
2018; 18(11):3665. https://doi.org/10.3390/s18113665 PMID: 30380616

Guo H, Dou C, Chen H, Liu J, Fu B, Li X, et al. SDGSAT-1: the world’s first scientific satellite for sustain-
able development goals. Science bulletin. 2022:S2095-9273 (22) 00592-8. https://doi.org/10.1016/j.
scib.2022.12.014 PMID: 36588025

Roman MO, Wang Z, Sun Q, Kalb V, Miller SD, Molthan A, et al. NASA’s Black Marble nighttime lights
product suite. Remote Sensing of Environment. 2018; 210:113-43.

Zhang C, Pei Y, LiJ, Qin Q, Yue J. Application of luojia 1-01 nighttime images for detecting the
light changes for the 2019 spring festival in western cities, China. Remote Sensing. 2020; 12
(9):1416.

Li X, Liu Z, Chen X, Sun J. Assessing the ability of Luojia 1-01 imagery to detect feeble nighttime lights.
Sensors. 2019; 19(17):3708. https://doi.org/10.3390/s19173708 PMID: 31455021

PLOS ONE | https://doi.org/10.1371/journal.pone.0298869  April 26, 2024 18/19


https://doi.org/10.1289/EHP9381
http://www.ncbi.nlm.nih.gov/pubmed/34379524
https://doi.org/10.1002/ijc.33016
http://www.ncbi.nlm.nih.gov/pubmed/32488897
https://doi.org/10.1001/jamainternmed.2019.0571
http://www.ncbi.nlm.nih.gov/pubmed/31180469
https://doi.org/10.1016/j.socscimed.2023.116303
https://doi.org/10.1016/j.socscimed.2023.116303
http://www.ncbi.nlm.nih.gov/pubmed/37866172
https://doi.org/10.1038/ijo.2015.255
https://doi.org/10.1038/ijo.2015.255
http://www.ncbi.nlm.nih.gov/pubmed/26795746
https://doi.org/10.1007/s10552-010-9624-4
https://doi.org/10.1007/s10552-010-9624-4
http://www.ncbi.nlm.nih.gov/pubmed/20680434
https://doi.org/10.3109/07420528.2015.1032413
http://www.ncbi.nlm.nih.gov/pubmed/25955405
https://doi.org/10.1177/1534735416678983
http://www.ncbi.nlm.nih.gov/pubmed/27899698
https://doi.org/10.1080/07420520801921572
http://www.ncbi.nlm.nih.gov/pubmed/18293150
https://doi.org/10.1080/07420528.2018.1466802
http://www.ncbi.nlm.nih.gov/pubmed/29768068
https://doi.org/10.1097/EE9.0000000000000145
http://www.ncbi.nlm.nih.gov/pubmed/33870017
https://doi.org/10.3390/ijerph20021491
https://doi.org/10.3390/ijerph20021491
http://www.ncbi.nlm.nih.gov/pubmed/36674246
https://doi.org/10.3390/s18113665
http://www.ncbi.nlm.nih.gov/pubmed/30380616
https://doi.org/10.1016/j.scib.2022.12.014
https://doi.org/10.1016/j.scib.2022.12.014
http://www.ncbi.nlm.nih.gov/pubmed/36588025
https://doi.org/10.3390/s19173708
http://www.ncbi.nlm.nih.gov/pubmed/31455021
https://doi.org/10.1371/journal.pone.0298869

PLOS ONE

Qutdoor ALAN exposure measurements and the UGCoP

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

CuiZ,MaC, ZhangH, Hu Y, Yan L, Dou C, et al. Vicarious Radiometric Calibration of the Multispectral
Imager Onboard SDGSAT-1 over the Dunhuang Calibration Site, China. Remote Sensing. 2023; 15
(10):2578.

Wang J, Kou L, Kwan M-P, Shakespeare RM, Lee K, Park YM. An integrated individual environmental
exposure assessment system for real-time mobile sensing in environmental health studies. Sensors.
2021;21(12):4039. https://doi.org/10.3390/s21124039 PMID: 34208244

Lee K, Kwan MP. Automatic physical activity and in-vehicle status classification based on GPS and
accelerometer data: A hierarchical classification approach using machine learning techniques. Transac-
tions in GIS. 2018; 22(6):1522—49.

Liu Y, Kwan M-P, Yu C. The Uncertain Geographic Context Problem (UGCoP) in Measuring People’s
Exposure to Green Space Using the Integrated 3S Approach. Urban Forestry & Urban Greening.
2023:127972.

Liu Y, Kwan M-P, Yu C. How Mobility and Temporal Contexts May Affect Environmental Exposure Mea-
surements: Using Outdoor Artificial Light at Night (ALAN) and Urban Green Space as Examples. the
Annals of the American Association of Geographers. 2024;forthcoming.

Esaki Y, Kitajima T, Obayashi K, Saeki K, Fujita K, lwata N. Light exposure at night and sleep quality in
bipolar disorder: The APPLE cohort study. Journal of Affective Disorders. 2019; 257:314—20. https:/
doi.org/10.1016/j.jad.2019.07.031 PMID: 31302520

Obayashi K, Saeki K, lwamoto J, Okamoto N, Tomioka K, Nezu S, et al. Exposure to light at night, noc-
turnal urinary melatonin excretion, and obesity/dyslipidemia in the elderly: a cross-sectional analysis of
the HEIJO-KYO study. The Journal of Clinical Endocrinology & Metabolism. 2013; 98(1):337—44.
https://doi.org/10.1210/jc.2012-2874 PMID: 23118419

Lighting Maintenance and Enhancement [cited 2022 November 23]. Available from: https://www.hyd.
gov.hk/en/our_services/lighting/index.html.

JinH, Jin S, Chen L, Cen S, Yuan K. Research on the lighting performance of LED street lights with dif-
ferent color temperatures. IEEE Photonics Journal. 2015; 7(6):1-9.

Li X, MaR, Zhang Q, LiD, Liu S, He T, et al. Anisotropic characteristic of artificial light at night-System-
atic investigation with VIIRS DNB multi-temporal observations. Remote Sensing of Environment. 2019;
233:111357.

PLOS ONE | https://doi.org/10.1371/journal.pone.0298869  April 26, 2024 19/19


https://doi.org/10.3390/s21124039
http://www.ncbi.nlm.nih.gov/pubmed/34208244
https://doi.org/10.1016/j.jad.2019.07.031
https://doi.org/10.1016/j.jad.2019.07.031
http://www.ncbi.nlm.nih.gov/pubmed/31302520
https://doi.org/10.1210/jc.2012-2874
http://www.ncbi.nlm.nih.gov/pubmed/23118419
https://www.hyd.gov.hk/en/our_services/lighting/index.html
https://www.hyd.gov.hk/en/our_services/lighting/index.html
https://doi.org/10.1371/journal.pone.0298869

