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Excessive urbanization leads to considerable nature deficiency and abundant artificial infrastructure in
urban areas, which triggered intensive discussions on people's exposure to green space and outdoor
artificial light at night (ALAN). Recent academic progress highlights that people's exposure to green space
and outdoor ALAN may be confounders of each other but lacks systematic investigations. This study
investigates the associations between people's exposure to green space and outdoor ALAN by adopting
the three most used research paradigms: population-level residence-based, individual-level residence-
based, and individual-level mobility-oriented paradigms. We employed the green space and outdoor
ALAN data of 291 Tertiary Planning Units in Hong Kong for population-level analysis. We also used data
from 940 participants in six representative communities for individual-level analyses. Hong Kong green
space and outdoor ALAN were derived from high-resolution remote sensing data. The total exposures
were derived using the spatiotemporally weighted approaches. Our results confirm that the negative
associations between people's exposure to green space and outdoor ALAN are universal across different
research paradigms, spatially non-stationary, and consistent among different socio-demographic groups.
We also observed that mobility-oriented measures may lead to stronger negative associations than
residence-based measures by mitigating the contextual errors of residence-based measures. Our results
highlight the potential confounding associations between people's exposure to green space and outdoor
ALAN, and we strongly recommend relevant studies to consider both of them in modeling people's
health outcomes, especially for those health outcomes impacted by the co-exposure to them.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences,
Harbin Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The global trend of urbanization is gradually embracing the
increasing population in urban environments. Currently, about half
of the global population resides in urban areas, and the proportion
is projected to be two-thirds in 2050, according to the United Na-
tions [1]. Urbanization replaces natural environments with urban
artificial environments, manifesting as deficient nature and abun-
dant artificial infrastructures. This has led to intensive discussions
of the impacts of urban environments on human health. Urban
and Resource Management,
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green space and outdoor artificial light at night (ALAN) are two
essential urban environmental factors that have attracted
increasing attention in recent years [2,3]. Their impacts on urban
residents' health outcomes and well-being involve complicated
pathways [4,5]. Furthermore, their effects may lead to many health
outcomes that need the consideration of co-exposure to both of
them, such as people's cardiopulmonary health [6,7], activity space
for physical exercises [3,8], sleep quality [9,10], air pollution [11,12],
and perception of neighborhood crime/safety [13,14].

A stronger argument for considering the co-exposure to green
space and outdoor ALAN is their potential confounding association
[4,5]. Since there is spatial and exclusive competition between
nature and artificial infrastructures in urban areas, a place with
abundant outdoor ALAN is highly possible to have sparse green
ety for Environmental Sciences, Harbin Institute of Technology, Chinese Research
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space, such as the downtown areas of a city (Fig. 1). In contrast, a
place with abundant green space is highly likely to have inadequate
artificial infrastructures like street illumination, such as the sub-
urban areas. Meanwhile, it is not common to see a place with both
sparse green space and scarce outdoor ALAN in urban areas except
in areas under temporary construction. It seems unreasonable to
assume that there are many places with both dense green space
and abundant outdoor ALAN in urban areas (Fig. 1). This spatial
exclusiveness between urban green space and outdoor ALAN may
lead to a strong negative association between people's exposure to
green space and outdoor ALAN (Fig. 1). Failing to incorporate peo-
ple's co-exposure to both green space and outdoor ALAN may lead
to erroneous conclusions (i.e., wrongly assigning the negative ef-
fects of outdoor ALAN as the positive health effects of green space,
and vice versa). The negative association between the environ-
mental settings of urban space and outdoor ALAN is first confirmed
by Stanhope et al. in Australian cities [15]. Later, Yi et al. analyzed
the modifying effects of urban green space on the association be-
tween outdoor ALAN and metabolic syndrome [16].

However, environmental settings do not necessarily equal
environmental exposure, which weakens the current evidence of
the confounding association between people's exposure to green
space and outdoor ALAN. Pertinent exposure definitions are still
needed to investigate this potential confounding association sys-
tematically. Advanced geographic information system (GIS) tech-
niques enable more pertinent definitions of exposure measures
throughmultiple research paradigms [17,18], including population-
level residence-based, individual-level residence-based, and
individual-level mobility-oriented paradigms. The population-level
residence-based research paradigm discretizes space as different
analytical units (e.g., the administrative units). It derives the envi-
ronmental settings in each unit as exposure levels for the popula-
tion living within that unit [19e21]. Correspondingly, the
disparities between units manifest the disparities in exposure level.
A stronger emphasis on the socio-demographic disparities of the
population within each unit encourages individual-level research,
where the attributes are collected from individuals, and the socio-
demographic attributes are employed to more precisely estimate
the effect size of the impact on a health outcome [22]. Regarding
individual-level research, the residence-based paradigm derives
the environmental settings at people's home locations as their
long-term and primary exposure [23,24], while the mobility-
oriented paradigm further incorporates the complete activity
spaces (both within and outside home locations) to mitigate the
contextual errors in exposure measures [25]. Different research
paradigms retain different assumptions of exposure measures and
are suitable for different research questions. For example,
Fig. 1. An illustration of the abundance of urban green space and outdoor ALAN in
different city places.
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population-level paradigms will be adequate for the decision-
making of allocating public resources to promote social equity
and environmental justice [19], especially for large spatial scopes
on the state or country level. When evaluating environmental
factors' health impact, it is necessary to discuss the association at
the individual level and incorporate fine-grained individual-level
socio-demographic attributes and behavioral characteristics [25].

A systematic investigation and confirmation of the potential
confounding association between people's exposure to urban green
space and outdoor ALAN need evidence from all three research
paradigms. Meanwhile, the environmental settings of green space
and outdoor ALAN may vary in different geographic contexts,
manifested as spatial non-stationarity [26], and the disparities in
exposure levels and the magnitudes of confounding associations
may also be different between different geographic contexts. A
comprehensive investigation of the confounding association also
needs confirmation in different geographic contexts. This study
uses the cross-sectional survey data collected in Hong Kong to
support our systematic investigation of the potential confounding
association between people's exposure to urban green space and
outdoor ALAN. Our research objectives are (1) to confirm the
negative associations between people's exposure to urban green
space and outdoor ALAN across the three research paradigms and
(2) to investigate how geographic contexts, socio-demography, and
human mobility may impact such negative associations. In the
following sections, we first introduce the study area and our data
collection. The exposure measure methods are detailed in Section
4. The results and discussions are highlighted in Sections 5 and 6,
respectively. Finally, we draw the main conclusions in Section 7.
2. Study area

Hong Kong is one of the world's most urbanized and densely
populated cities, and it has excellent environmental settings to
support our discussion. Hong Kong had a population of about 7.5
million in diverse socio-demographic groups by themiddle of 2023,
and all residents are urbanized [27]. About 75% of Hong Kong's land
is covered by vegetation, and the green coverage ranges from
14.45% to 44.24% in the downtown areas [28]. Hong Kong also has
one of the brightest nightscapes in the world, with a huge variation
from totally dark places in the deep core of the natural parks to
excessively bright places like the Victoria Harbour (due to the
display of bright and colorful lights from the numerous skyscrapers
lining the waterfront).

We chose six representative communities in Hong Kong to
conduct our survey (Fig. 2), including Sham Shui Po (SSP), Tin Shui
Wai (TSW), Sha Tin (ST), Central and Western (CW), Kwun Tong
(KTO), and Kwai Tsing (KTS). These six representative communities
have similar population sizes and areal sizes but represent diverse
geographic contexts. SSP and CW are two old towns that were
developed at an early age in Hong Kong. They have comparatively
narrow and crowded road networks, low buildings, and scarce open
spaces [29]. In contrast, TSW, ST, and KTS are new towns that were
developed in recent years, and they are designed with much taller
buildings, well-planned road networks, and more open spaces [29].
KTO was an old town that had recently been renovated. The
abundance of green space and outdoor ALAN are significantly
different, and these representative communities can support our
discussion of the spatial non-stationarity in the confounding as-
sociation between participants’ co-exposure to green space and
outdoor ALAN.



Fig. 2. Study area and the six representative communities.
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3. Data collection

3.1. Remote sensing data and the delineation of green space and
nightscape

The green space inventory and nightscape of Hong Kong are
delineated from fine-grained remote sensing imagery. To conform
with the most general pathways of how green space may impact
human health, this paper defined all the places covered by vege-
tation as green space [4]. The green space inventory in Hong Kong
was derived from PlanetScope multispectral imagery. The data
were collected from Planet Labs, Inc. (https://www.planet.com/
explorer/) at no cost using an Education and Research (ER) li-
cense [30]. The images have a spatial resolution of 3 m and four
spectral bands, including blue, green, red, and near-infrared bands.
The images were captured bymultiple twin satellites between 8:00
a.m. and 11:00 a.m. on January 29, 2021, which are cloud-free and
cover the entire Hong Kong. Original images were orthorectified
and georeferenced to the UTM Zone 49 N coordinate system with
reference to the WGS84 ellipsoid. After rigorous radiometric cali-
bration and atmospheric correction, a binary classification method
was employed to identify green and non-green spaces [25]. The
classification used the normalized difference vegetation index
(NDVI) and thresholding to separate green and non-green space on
the pixel level. About 300 samples were used to train the threshold,
and another 1000 samples were used to validate the classification
results. The identification of green space has a producer accuracy of
93.3%, a user accuracy of 95.5%, and a Kappa index of agreement
(KIA) of 0.858, indicating the quality of green space inventory is
adequate to support our derivation of people's exposure to green
space. The date of the green space inventory is slightly before our
survey period. However, since Hong Kong is a well-developed city
in the subtropical climate zone [31], the green spaces in Hong Kong
are temporally stationary and ever-green [32]. The slight temporal
mismatch will not significantly affect our exposure measure. Please
refer to our recent publication for more details of our green space
data [25].

The nightscape of Hong Kong was derived from SDGSAT-1
Glimmery Imagery. One image frame was collected from the In-
ternational Research Center of Big Data for Sustainable Develop-
ment Goals (http://www.sdgsat.ac.cn/). The panchromatic image
has a spatial resolution of 10 m [33]. The image was captured at
9:45 p.m. on July 12, 2022, which is also cloud-free and fully covers
3

Hong Kong. The original image was also orthorectified and geore-
ferenced to UTM Zone 49 N coordinate system based on theWGS84
ellipsoid, and the original digital number (DN) values on the image
were calibrated as top-of-atmosphere (TOA) luminosity [34]. The
luminosity was in the unit of W$m�2$sr�1$mm�1 and was con-
verted to nW$cm�2$sr�1 for convenient numbers. The date of Hong
Kong nightscape data matches our survey period well. Please refer
to our recent publication for more details of our outdoor ALAN data
[35]. Note that the spatial resolutions of green space inventory and
nightscape are different. However, our previous methodological
studies have confirmed that these data effectively derive causally
relevant exposures to model people's health outcomes [25,35].
3.2. Socio-demographic attributes and activity-travel trajectories of
participants

The data collected from the 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 January 8, 2020, and Reference No. SBRE(R)-21-005
approved on November 1, 2021). Written informed consent was
obtained from all subjects involved in the study before data were
collected.

Participants in the six representative communities were
screened and recruited through stratified sampling. The socio-
demographic dimensions for the stratification include age,
gender, monthly household income level, marital status, and edu-
cation level [29]. Each recruited participant was asked to record and
submit data through an integrated individual environmental
exposure assessment system (IEEAS) consecutively for seven days,
including five work days and two non-work days [36]. One Global
Positioning System (GPS) equipped smartphone was distributed to
each participant to record the coordinates of the participant's real-
time locations (in longitudes and latitudes) at a temporal resolution
of 1 s, and participants were requested to carry the smartphone
with them for both at-home and out-of-home indoor/outdoor ac-
tivities at every moment. A stay point detection algorithm was
employed to remove drifting points in the GPS trajectories through
a clustering and outlier detection approach [37e39], and the orig-
inal GPS trajectories were resampled to a temporal resolution of
1 min to minimize the uncertainties in positioning. The filtered and
resampled GPS trajectories were used to retrospectively delineate
the actual activity-travel trajectories of the participants. Mean-
while, participants' home locations, socio-demographic attributes,
and health statuses were collected from questionnaires through
face-to-face interviews.

The surveys were conducted fromMarch 2021 to April 2023. We
recruited 1022 participants from the six representative commu-
nities, but a small portion were excluded. A participant was
excluded if any of his/her essential socio-demographic attributes
were missing, the self-reported home location contained errors, or
if the completeness of his/her GPS trajectory was lower than 95% of
all the GPS trajectories (less than 98% of completeness). The data
screening yielded a sample set of 940 participants that have correct
home locations, valid socio-demographic attributes, and complete
GPS trajectories. About 74% of the participants are employed and
need commuting, indicating that considerable mobility was
included in the analysis. About 72% of the participants have a
nighttime activity space larger than 0.1 km2 on weekdays and 52%
onweekend days [40]. These fine-grained individual-level data can
support individual-level investigations of the confounding associ-
ations in the co-exposure to green space and outdoor ALAN.

https://www.planet.com/explorer/
https://www.planet.com/explorer/
http://www.sdgsat.ac.cn/
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3.3. Other supplementary data

To facilitate the population-level residence-based measure of
people's co-exposure to green space and outdoor ALAN, we also
collected the Hong Kong boundary and the boundaries of Tertiary
Planning Units (TPUs) of Hong Kong [41]. The dataset is provided by
the Hong Kong Planning Department (https://data.gov.hk/en-data/
dataset/hk-pland-pland1-boundaries-of-tpu-sb-vc).
4. Methods

4.1. Measures of co-exposure to green space and outdoor ALAN

The co-exposures to green space and outdoor ALAN were
measured using three research paradigms. The population-level
residence-based measure of green space exposure is defined as
the coverage ratio of green space in each Hong Kong TPU, and the
population-level residence-based measure of outdoor ALAN expo-
sure is defined as the average luminosity in each Hong Kong TPU.

The individual-level residence-based measure of co-exposure to
green space and outdoor ALAN is defined as the environmental
settings in the buffer zone around the participants' home locations.
The green space exposure in this research paradigm is defined as
the coverage ratio of green space in the 300-m buffer zone around a
participant's home location. Similarly, the outdoor ALAN exposure
in this research paradigm is defined as the average luminosity
within the 50-m buffer zone around a participant's home location.
These buffer zone sizes are determined as 300 m for green space
exposure and 50 m for outdoor ALAN exposure since relevant
studies indicate that the contextual units delineated by such buffer
sizes can facilitate the measurement of causally relevant exposures
and mitigate contextual errors [25,35,40].

We further employed participants' activity-travel trajectories as
their activity spaces. We used the spatiotemporally weighted
approach to estimate participants' co-exposure to green space and
outdoor ALAN in the individual-level mobility-oriented research
paradigm [25,35,40,42]. At each visited location along each par-
ticipant's activity-travel trajectory, we defined a participant's
momentary exposure to green space as the green space coverage
ratio within the 300-m buffer zone around this visited location,
while a participant's momentary exposure to outdoor ALAN is
defined as the average luminosity within the 50-m buffer zone
around this visited location. The momentary exposure to either
green space or outdoor ALAN is considered the spatial weight (WS)
along a participant's activity-travel trajectory. We also derived the
temporal weight (WT) of each visited location as the duration of
stay divided by the total survey period D:

WTi ¼
tiþ1 � ti

D
(1)

where ti is the timestamp of this visited location and tiþ1 is the
timestamp of the next visited location along the GPS trajectory at
the 1-min temporal resolution. Finally, total exposure is defined as
the summation of paired spatial and temporal weights along a
participant's activity trajectory:

E¼
X

WSiWTi (2)

where E is the total exposure to either green space or outdoor
ALAN, WSi is the spatial weight of the i-th visited location, andWTi
is the temporal weight of the i-th visited location. A participant's
total exposure to green space uses the momentary exposure to
green space as WSi, while a participant's total exposure to outdoor
ALAN uses the momentary exposure to outdoor ALAN as WSi. Note
4

that people's exposure to outdoor ALAN should be confined to
nighttime by definition. We defined the nighttime as the phase of a
day after sunset and before sunrise since the light matters [40]. An
R packagewas employed to facilitate the calculation of sunrise time
and sunset time (https://CRAN.R-project.org/package¼suncalc,
accessed on January 10, 2023). Themomentary exposure to outdoor
ALAN outside nighttime was reassigned as 0.

4.2. Statistical analysis

The primary goal of this study is to confirm the potential con-
founding association between people's exposure to green space
and outdoor ALAN. We employed linear regression to test the
negative associations between participants' exposure to green
space and outdoor ALAN in Hong Kong, and we used the estimated
effect sizes and corresponding p-values as indicators to support our
discussion. Our tests were conducted on three levels. On the first
level (i.e., the population level), the coverage ratio of green space in
each TPU was employed as the independent variable, and the
average luminosity in each TPU was employed as the dependent
variable for the linear regression.

On the second level (i.e., the individual level), participants'
exposure to green space was employed as the independent vari-
able, and participants’ exposure to outdoor ALAN was employed as
the dependent variable for the linear regression. The linear
regression models were analyzed using residence-based or
mobility-oriented measures for each community, respectively,
since residence-based and mobility-oriented measures represent
different research paradigms and each community represents a
different geographic context. Twelve independent models were
built on the second level. On the last level, to further articulate the
potential disparities between different socio-demographic groups,
each model on the second level further included a group of dummy
variables to adjust the effect sizes of the negative associations.
Specifically, the effect sizes of the negative associations were
adjusted by age, gender, income level, marital status, and education
level [23,25]. Twelve independent models were also built on the
third level.

In total, 25 independent models were analyzed in this study.
Note that the distribution of outdoor ALAN in Hong Kong is
extremely positively skewed. To meet the assumption of linear
regression, a logarithmic transformation was applied to the out-
door ALAN exposure measures on all three levels. The logarithmic
transformation mitigates the skewness of the distribution of the
outdoor ALAN exposure and converts it into a normal distribution
[43].

5. Results

5.1. The delineation of Hong Kong green space and outdoor ALAN
and the sampling results

We have successfully delineated the green space inventory and
outdoor ALAN settings in Hong Kong and in the six representative
communities (Table 1). These six representative communities'
green space coverage ratio ranges from 13.6% to 41.4%, while the
nighttime average luminosity ranges from 186.20 to 325.32
nW$cm�2$sr�1. After data screening, our field survey successfully
collected data from 940 participants in the six representative
communities. The socio-demographic profile of the participants in
each community is summarized in Table 2. Note that we have more
female participants than male participants in each community, and
we did not recruit participants from other genders due to the
potentially low participation rate from individuals with non-binary
genders in Hong Kong. The proportions for other socio-

https://data.gov.hk/en-data/dataset/hk-pland-pland1-boundaries-of-tpu-sb-vc
https://data.gov.hk/en-data/dataset/hk-pland-pland1-boundaries-of-tpu-sb-vc
https://CRAN.R-project.org/package=suncalc
https://CRAN.R-project.org/package=suncalc


Table 1
The geographic contextual settings of the six representative communities in Hong Kong.

Name Area Total population Town type Green spacea Outdoor ALANb Sample size

Sham Shui Po 5.35 km2 ~300k Old 13.6% 325.32 104
Tin Shui Wai 4.32 km2 ~300k New 15.5% 210.78 104
Sha Tin 5.64 km2 ~315k New 41.4% 186.20 289
Central and Western 2.83 km2 ~175k Old 27.0% 246.33 89
Kwun Tong 3.93 km2 ~446k Renovated 33.1% 214.85 182
Kwai Tsing 5.84 km2 ~441k New 24.0% 322.11 172

a Green space coverage ratios are derived from PlanetScope multispectral imagery at the spatial resolution of 3 m, unitless.
b Average outdoor luminosity values are derived from SDGSAT-1 Glimmer imagery at the spatial resolution of 10 m, unit in nW$cm�2$sr�1.

Table 2
The socio-demographic profiles and self-reported overall health status in the six representative communities in Hong Kong.

Variable Sham Shui Po Tin Shui Wai Sha Tin Central and Western Kwun Tong Kwai Tsing

Gender Male 44 (42.3%) 48 (46.2%) 92 (31.8%) 27 (30.3%) 55 (30.2%) 47 (27.3%)
Female 60 (57.7%) 56 (53.8%) 197 (68.2%) 62 (69.7%) 127 (69.8%) 125 (72.7%)

Age 18e24 16 (15.4%) 21 (20.2%) 27 (9.4%) 13 (14.6%) 20 (11.0%) 36 (20.9%)
25e44 52 (50.0%) 51 (49.0%) 174 (60.2%) 50 (56.2%) 123 (67.6%) 96 (55.8%)
45e64 36 (34.6%) 32 (30.8%) 88 (30.4%) 26 (29.2%) 39 (21.4%) 40 (23.3%)

Monthly household income a Low 47 (45.2%) 27 (26.0%) 72 (24.9%) 14 (15.7%) 35 (19.2%) 50 (29.1%)
Middle 32 (30.8%) 48 (46.2%) 115 (39.8%) 32 (36.0%) 73 (40.1%) 69 (40.1%)
High 25 (24.0%) 29 (27.8%) 102 (35.3%) 43 (48.3%) 74 (40.7%) 53 (30.8%)

Education level b Low 37 (35.6%) 36 (34.6%) 60 (20.8%) 11 (12.4%) 30 (16.5%) 44 (25.6%)
Middle 55 (52.9%) 56 (53.8%) 146 (50.5%) 49 (55.0%) 118 (64.8%) 106 (61.6%)
High 12 (11.5%) 12 (11.5%) 83 (28.7%) 29 (32.6%) 34 (18.7%) 22 (12.8%)

Marital status c Single 53 (51.0%) 58 (55.8%) 146 (50.5%) 60 (67.4%) 107 (58.8%) 107 (62.2%)
Married 40 (38.5%) 35 (33.7%) 120 (41.5%) 25 (28.1%) 63 (34.6%) 53 (30.8%)
Others 11 (10.6%) 11 (10.6%) 23 (8.0%) 4 (4.5%) 12 (6.6%) 12 (7.0%)

Overall health status Good 91 (87.5%) 93 (89.4%) 245 (84.8%) 83 (93.3%) 151 (83.0%) 130 (75.6%)
Bad 13 (12.5%) 11 (10.6%) 44 (15.2%) 6 (6.7%) 31 (17.0%) 42 (24.4%)

Total 104 (100.0%) 104 (100.0%) 289 (100.0%) 89 (100.0%) 182 (100.0%) 172 (100.0%)

a 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 HKD
20,000e39,999, and the high-income group has an income of HKD 40,000 or above.

b Education level: The low group graduated frommiddle school or lower, the middle group has a bachelor's degree or certification, and the high group has a master's degree
or higher.

c Other marital statuses include those divorced and widowed.

Fig. 3. The negative association on the population level. a, The distribution of Hong
Kong TPU outdoor ALAN settings, unit in nW$cm�2$sr�1; b, The negative association
between the environmental settings of outdoor ALAN and green space in Hong Kong
TPUs.
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demographic groups (e.g., age and income groups) are good ap-
proximations of the populations in the selected communities.

5.2. Population-level confirmation of negative associations

We successfully estimated about 20 million momentary expo-
sures or total exposures to both green space and outdoor ALAN for
our 940 participants. We used these estimated co-exposures to
confirm the negative associations between participants’ exposure
to green space and outdoor ALAN across the three commonly used
research paradigms.

We first confirmed the negative association between people's
exposure to green space and outdoor ALAN on the population level
(Fig. 3). Note that outdoor ALAN settings are measured using a
physical scalar variable (i.e., luminosity) while the green space
settings are measured using a proportion (i.e., coverage ratio). The
different measuring methods indicate that theymay not be linearly
associated with each other well. Meanwhile, the distribution of
outdoor ALAN is extremely positively skewed, and it agrees well
with the power law (Fig. 3a) [44]. A logarithmic transformation of
luminosity is thus necessary to retain a linear relationship between
outdoor ALAN settings and green space settings (Fig. 3b) [43].

We observed a linear and negative association between the
logarithmically transformed luminosity (outdoor ALAN settings)
and green space coverage ratio (green space settings), and the R2

and p-value indicate that the association is strong and significant.
Our observation is consistent with the observation of Stanhope
et al. in Australia [15]. We further mitigated the skewness issue of
outdoor ALAN distribution and observed a much stronger
5

association than Stanhope et al. However, environmental settings
in population-level studies may not necessarily represent the
causally relevant exposures. We thus need to confirm the



Table 3
One-way ANOVA tests of differences between exposure measures in different
communities.

Measure MSb MSw F p-value

RBM-green space 1.242 0.024 52.359 <0.001
MOM-green space 0.642 0.013 48.030 <0.001
RBM-outdoor ALAN 3.151 � 105 3.003 � 104 10.495 <0.001
MOM-outdoor ALAN 6.132 � 105 3.893 � 104 15.749 <0.001

MSb: mean squares between groups (communities); MSw: mean squares within
groups (communities). RBM: residence-based measure, MOM: mobility-oriented
measure.
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associations further on the individual level.

5.3. Individual-level confirmation of negative associations

On the second level of our statistical analysis, the co-exposures
to green space and outdoor ALAN were measured for each partic-
ipant in the six representative communities. Descriptive analyses
and the one-way ANOVA tests indicate the six representative
communities have different environmental settings, and partici-
pants' co-exposures to green space and outdoor ALAN are corre-
spondingly on significantly different levels (Fig. 4 and Table 3).
These results highlight that our dataset is strong enough to discuss
the spatial non-stationarity issue regarding the negative associa-
tion between people's co-exposure to green space and outdoor
ALAN [26].

We then tested the negative associations between participants’
exposure to green space and outdoor ALAN on the individual level
using residence-based or mobility-oriented measures (Fig. 5). All
estimated effect sizes are negative, indicating negative associations
in the co-exposure. Most of the estimated effect sizes significantly
differ from 0 at the 0.05 level except for the one in TSW using the
residence-based measures. Past studies have indicated that
residence-based exposure measures may contain influential
contextual errors, while a shift to mobility-oriented measures may
mitigate this issue [25]. The insignificant association between
green space exposure and outdoor ALAN exposure in TSW may be
due to the influential contextual errors in the residence-based
measures, and our mobility-oriented measures in TSW can
considerably mitigate the contextual errors and manifest a signif-
icant negative association.

5.4. Disparities induced by geographic contexts, socio-demography,
and human mobility

On the third level of our statistical analysis, we further incor-
porated the socio-demographic attributes of participants in each
model in Section 5.3 to test the negative associations between
participants’ exposure to green space and outdoor ALAN on the
individual level. We plotted all the estimated effect sizes (with 95%
confidence intervals) for a convenient comparison (Fig. 6). Note
that non-overlapping confidence intervals indicate significant dif-
ferences at the 0.05 level.

We highlight multiple important disparities here, as illustrated
in Fig. 6. First, the environmental settings of the population-level
study may exaggerate the magnitude of negative association in
the co-exposure to green space and outdoor ALAN. For example, the
estimated association using TPU is about �3, indicating that the
luminositymay be 1000 times stronger from the placeswith almost
Fig. 4. The average magnitudes of exposures to green space and outdoor ALAN in the
six representative communities using different research paradigms. a, Green space
exposure (unitless); b, outdoor ALAN exposure (unit in nW$cm�2$sr�1). RBM:
residence-based measure, MOM: mobility-oriented measure. Environmental settings
refer to each community's green space abundance (coverage ratio) and average out-
door ALAN luminosity.
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no green space cover (e.g., the Victoria Harbour) to the places with
full green space cover (e.g., core forests in the Lion Rock Country
Park). In contrast, the average estimated association on the indi-
vidual level is about �1.6, indicating the luminosity may be 40
times stronger from the least green visited places to the greenest
visited places. Meanwhile, the longer error bars on the individual-
level analyses also indicate more uncertainties induced by human
behaviors, and environmental settings in administrative units do
not necessarily represent the true and causally relevant exposure
for a single person.We also found that the negative associations are
spatially non-stationary [26]. For example, the estimated negative
associations in CW may be significantly stronger than those in KTO
using the mobility-oriented measures.

Socio-demography does not affect the estimated negative as-
sociations. In all cases of our analysis, adjusting the effects from
socio-demography does not lead to significantly different negative
associations. In all the models, only a few socio-demographic
groups report significant coefficients in specific cases (Table 4).
Female groups may have contradictory modifying effects on the
negative associations in different geographic contexts and using
different research paradigms. Education levels may be positively
associated with outdoor ALAN exposure in some geographic con-
texts and may adjust the negative associations in the co-exposure
to green space and outdoor ALAN. The negative associations in
the co-exposure to green space and outdoor ALAN may not be
specific for other socio-demographic groups, at least not
universally.

Mobility is another strong influencer in the negative associa-
tions. Mobility-oriented measures may considerably mitigate the
contextual errors in residence-based measures [25,45]. Conse-
quentially, we may observe insignificant associations using
residence-based measures but significant associations using
mobility-orientedmeasures, for example, in TSW. By mitigating the
contextual errors, we may also observe much stronger negative
associations using mobility-oriented measures than residence-
based ones. For example, we observed stronger negative associa-
tions from mobility-oriented measures than residence-based
measures in SSP, ST, CW, and KTO. However, the disparities are
not significantly different from 0 at the 0.05 level. Finally, activity
spaces in the mobility-oriented measures are much larger than the
residential spaces in the residence-based measures, which may
alleviate the disparities between local and regional measures. For
example, we observed significant disparities between the negative
associations using TPU and residence-based measures in TSW and
CW, but the disparities were not significant when we switched to
mobility-oriented measures in TSW and CW.
6. Discussions

6.1. Confounding associations in different research paradigms

In this study, we discussed the potential confounding



Fig. 5. The negative associations on the individual level. a, SSP; b, TSW; c, ST; d, CW; e, KTO; f, KTS. RBM: residence-based measure; MOM: mobility-oriented measure.

Fig. 6. The effect sizes of all the negative associations discussed in this study. R: residence-based measure; M: mobility-oriented measure. Raw: estimation without adjusting the
effects of socio-demography; Adj: estimation after adjusting the effects of socio-demography, including age, gender, income level, marital status, and education level. The variance
inflation factor (VIF) of all variables in our linear regression models ranges from 1.034 to 3.302, indicating that multicollinearity is not an issue in our regression analysis. Blue
dashed line: an auxiliary line that conveniently illustrates that the 95% confidence intervals of CW and KTO using mobility-oriented measures are not overlapping with each other;
red dashed line: the average effect size of the confounding associations of the six representative communities; black dashed lines: the upper and lower limits of the 95% confidence
interval on the population-level.

Table 4
The reported socio-demographic groups have significant effect sizes in the linear regression. Report only significant coefficients at the 0.05 level and higher. Only five co-
efficients are reported from 12 models and 132 estimated coefficients.

Paradigm Community Socio-demographic factor Socio-demographic group Effect size Standard Error p-value

RBM KTS Gender Female 0.250 0.090 0.006
RBM KTS Education level Low �0.265 0.132 0.046
MOM CW Gender Female �0.237 0.107 0.029
MOM KTS Education level Low �0.256 0.124 0.041
MOM TSW Education level High 0.583 0.173 0.001
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associations between people's exposure to green space and outdoor
ALAN by confirming the negative associations in the co-exposure
across different research paradigms. We observed the negative
associations in all cases, and most cases indicated that the negative
associations were significantly different from 0. Our results indicate
that people's exposure to green space and outdoor ALAN may not
be random between one and the other. In contrast, due to the
7

specific environmental settings in urban areas, a person's high-
level exposure to green space may well indicate his or her low-
level exposure to outdoor ALAN and vice versa.

These negative associations are universal in space and for
different socio-demographic groups but are complex. We observed
that the negative associations between people's exposures to green
space and outdoor ALAN are spatially non-stationary and with
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potentially significant changes in magnitude from place to place.
Using mobility-oriented measures, we also observed stronger
negative associations between exposure to green space and out-
door ALAN by mitigating contextual errors.

6.2. Implications of this study

Since the negative associations between people's exposure to
green space and outdoor ALAN are universal in urban areas, the
confounding effects of one on the other in the environmental and
public health study need attention. Because a high-level exposure
to outdoor ALAN may well indicate a low-level exposure to green
space and vice versa, a study considering only one factor may
wrongly assign the opposite effects of the other factors. This issue of
spurious association may be specifically essential for health studies
that should have considered the co-exposure to both green space
and outdoor ALAN but currently considered only one of them (e.g.,
people's cardiopulmonary health, activity space for physical exer-
cises, sleep quality, air pollution, and perception of neighborhood
crime/safety). As a result, we would like to suggest that scholars
simultaneously include both green space exposure and outdoor
ALAN exposure in the relevant environmental and public health
studies, especially for the health outcomes that are affected by co-
exposure to green space and outdoor ALAN. Previous studies
considering only green space or outdoor ALAN may need to
investigate the confounding associations and re-examine their
conclusions.

However, the confounding association between the exposure to
green space and outdoor ALAN is specific to health outcomes. A
health outcome without parallel pathways through both green
space and outdoor ALANmay not need to consider the confounding
associations. For example, concerning the falling risk of older adults
during the night or the risk of traffic accidents at nighttime, out-
door ALAN may be a relevant factor [46], but green space is not.
Consequentially, we suggest that scholars carefully consider the
potential pathways and pathology that should incorporate both
green space and outdoor ALAN for co-exposure studies.

6.3. Limitations of this study

In this study, we systematically investigated the potential con-
founding associations between people's exposure to green space
and outdoor ALAN using a large sample set, comprehensive
measuring approaches across different research paradigms, and
multiple potentially influential factors like geographic contexts,
socio-demography, and human mobility. However, our study still
faces some limitations. First, Hong Kong is in a subtropic climate
zone with ever-green vegetation, and our data collection is cross-
sectional. We are not able to investigate the temporal stationarity
of the potential confounding associations between people's expo-
sure to green space and outdoor ALAN. On the other hand, Hong
Kong can excellently support our discussion since Hong Kong has
the most pertinent geographic settings. Hong Kong is one of the
most urbanized cities in this world, but it still has an abundant
green space inventory. The negative associations may also need
systematic investigations in other less developed cities and other
geographic contexts, especially when spatial non-stationarity is an
influential methodological issue.

7. Conclusions

People's exposure to green space and outdoor ALAN may
confound each other in environmental and public health studies
that consider them factors in many health outcomes. However, this
issue has long been neglected and lacks systematic investigation.
8

This study systematically investigated the confounding associa-
tions between people's co-exposure to green space and outdoor
ALAN in Hong Kong across the three most used research para-
digms: population-level residence-based, individual-level resi-
dence-based, and individual-level mobility-oriented. The
environmental settings of green space and outdoor ALAN in Hong
Kong were derived from remote sensing data with high spatial
resolutions. The activity-travel trajectories and socio-demographic
attributes were collected through the IEEAS. Our results indicate
that the negative and potential confounding associations are uni-
versal and significant across different research paradigms. The
magnitude of the negative associations is spatially non-stationary,
consistent in different socio-demographic groups, and stronger
negative associations can be observed by considering human
mobility. Our results comprehensively and systematically confirm
the potential confounding associations in the co-exposure to green
space and outdoor ALAN. Neglecting the confounding effects of one
factor may lead to wrongly assigning opposite effects of the other
factor to the health outcomes and then erroneous conclusions.
Consequentially, we suggest that scholars pay attention to the
confounding associations in the co-exposure to green space and
outdoor ALAN and include the co-exposure in the analysis and
conclusion.
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