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ABSTRACT

Handling Editor: Zorana Andersen

Background: Epidemiological studies on the association of residential greenness with sleep quality are limited in
China.
Objective: This study aims to investigate the association of long-term exposure to residential greenness with sleep
quality in rural China.
Methods: In our study, 27,654 rural residents were selected from 4 counties of Henan Province by a multi-stage
stratified cluster sampling method. Participants’ sleep quality was assessed using the Pittsburgh Sleep Quality
Index (PSQI). The Normalized Difference Vegetation Index (NDVI) and Enhanced Vegetation Index (EVI), two
satellite-derived vegetation indexes, were used to assess the level of residential greenness. Long-term greenness
exposure was defined as the averages of NDVI and EVI during the three years prior to the baseline survey. The
relationship between sleep quality and greenness was assessed using the mixed-effect linear regression models.
Results: Among 27,654 rural residents, the mean age was 55.89 years (standard deviation, SD = 12.22) and
60.18% of them were female. In the crude model, the PSQI score decreased with per interquartile range (IQR)
increase in EVI and NDVI [ΔPSQI score (95% confidence interval, 95%CI): −0.073 (−0.115, −0.030) and
−0.047 (−0.089, −0.002)]. After controlling potential confounders, ΔPSQI scores and 95%CIs were −0.055
(−0.095, −0.012) and −0.090 (−0.151, −0.025) associated with per IQR increment in EVI and NDVI. The
results of stratified analyses showed the effect of residential greenness on sleep was stronger among males and
individuals with higher household income and educational attainment than females and those with lower
household income and educational attainment. Moreover, the modification effect of air pollution was observed
in the greenness-sleep association.
Conclusions: Our study indicated that higher residential greenness was significantly associated with better sleep
quality in Chinese rural population, which highlights the significant effect of green space on human health.
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1. Introduction
Good sleep quality is beneficial for human health as it helps to clear
metabolites and eliminate fatigue, promote body growth and development, and enhance people’s memory (Watson et al., 2015).

Epidemiological studies have demonstrated that sleep quality was significantly related to the occurrence and development of various diseases, including anxiety (Xiong et al., 2019), depression (Maglione
et al., 2014), hypertension (Zhang et al., 2019) and dyslipidemia
(Geovanini et al., 2019; Wang et al., 2019). The severe sleep problems
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of Chinese population, such as poor sleep quality and short sleep
duration, are of great public health concern. A meta-analysis published
in 2017 showed the insomnia rate in China was 15.0%, and it was
20.4% among people aged < 43.7 years (Cao et al., 2017). According
to the report of China Sleep Quality Index 2017, the average sleep
duration of Chinese adults was 6.5 h, while it was 7.1 h for Canadians
(Chaput et al., 2017). Previous studies have revealed sociodemographic
characteristics, environmental variables and lifestyle were well-known
risk factors for insomnia. In addition to those factors, several studies
have suggested that residential greenness could also impact on sleep.
According to a survey conducted in Wisconsin, higher percentage of
tree canopy in individuals’ living environment was associated with the
lower chance of sleeping < 6 h on weekdays [odd ratio (OR) and 95%
confidence interval (95%CI): 0.76 (0.58, 0.98)] (Johnson et al., 2018).
Similar results were observed in a cross-sectional study in Australia that
people with a greener living space reported a healthier sleep time. For
instance, compared with people with 20% vegetation coverage in the
living environment, those with 80% green coverage had a lower relative risk ratio (RRR) of 6–7 h of sleep duration per day [RRR and
95%CI: 0.86 (0.81, 0.92)] (Astell-Burt et al., 2013). In addition, researchers reported that the effects of greenness on sleep were different
in subgroups of males and females among multi-ethnic American adults
(Grigsby-Toussaint et al., 2015).
Coinciding with the rapid economic development and urbanization
in China over the past decades, the green environment in both urban
and rural areas has been deteriorating. From 2000 to 2014, the green
coverage of 80 among 98 densely populated cities in China kept going
down (Chen et al., 2017). The Enhanced Vegetation Index (EVI) of
Shanghai’s suburbs and rural areas also fell by 38.0% between 2000
and 2016 (Zhong et al., 2019). The green space in rural areas has
gradually decreased with the expansion of urbanization. The requisition
of agricultural land for construction, deforestation, and hardening and
widening of roads were responsible for the decline of vegetation coverage. More than 600 million Chinese still lived in countryside in 2014
(Liu et al., 2017). As rural households heavily rely on natural resources
(e.g., water supplies and agricultural land), their health and quality of
live are affected by changes of surrounding environment.
Although a large number of studies have explored the effects of
residential greenness on various health outcomes, such as cardiovascular diseases (Yang et al., 2019), obesity (Luo et al., 2020; Persson
et al., 2018), and depression (Banay et al., 2019; Sarkar et al., 2018),
few have been focused on green space and sleep quality. Previous
studies indicated that reduced air pollution, relief of psychological
stress and active outdoor activities played important roles in the
greenness-sleep association (Kuo, 2015; Markevych et al., 2017). Based
on the Henan Rural Cohort Study, we aim to examine the association
between residential greenness and sleep quality in Chinese rural population.

2.2. Outcome assessment
Participants’ sleep quality was assessed using the Pittsburgh Sleep
Quality Index (PSQI), which has been successfully used to evaluate
sleep quality (Buysse et al., 1989). It contains 19 items in 7 dimensions
with a score of 0 to 3 for each dimension and the total score ranging
from 0 to 21 points. The higher score, the worse sleep quality. The
Chinese version of PSQI has been widely used in a large number of
Chinese studies with good reliability (r = 0.82–0.83) and repeatable
measurability (r = 0.77–0.85) (Tang et al., 2017; Tsai et al., 2005).
Among a total of 39,259 participants in the baseline survey, 29,745
from four counties (Yima county, Tongxu county, Xinxiang county and
Suiping county) completed the sleep quality evaluation. Those were
excluded who worked on the night shift (n = 1525), had severe diseases (n = 517. Malignant cancer, n = 285; kidney failure, n = 18;
heart failure, n = 53; emphysema, n = 139, chronic obstructive pulmonary disease, n = 22), and had missing geolocation information
(n = 49). We finally included 27,654 participants in main analyses.
2.3. Exposure assessment
The 16-day Moderate Resolution Imaging Spectroradiometer
(MODIS) Terra Normalized Difference Vegetation Index (NDVI) and EVI
data product (MOD13A1) covering study areas (2012–2017) were
downloaded at a spatial resolution of 500 m (https://modis.gsfc.nasa.
gov/data/dataprod/mod13.php). For each participant, the mean NDVI/
EVI was calculated according to his/her residential address within the
buffer radiuses of 500 m, 1000 m, and 3000 m. The 16-day NDVI/EVI
was aggregated into the mean values during the three-year before the
baseline (Yang et al., 2018). Based on the surface reflectance of visible
red light and near infrared light in the spectrum, NDVI can efficiently
delineate vegetation cover (Yang et al., 2012). Compared with NDVI,
EVI further considered the influences of canopy background, aerosol
resistance, and gain factor. It has higher sensitivity in high biomass
regions than NDVI (Matsushita et al., 2007; Qiu et al., 2018). The values of MODIS NDVI and EVI range from −0.2 to +1.0, and the higher
value refers to greater vegetation greenness.
2.4. Covariates
General demographic characteristics including gender, age, educational attainment (≤9 years or > 9 years), marital status (married or
unmarried), and average monthly household income (< 500 RMB
or ≥ 500 RMB) were collected by a standard questionnaire. Physical
activity (mild, moderate or high) was evaluated using the International
Physical Activity Questionnaire (IPAQ) (Fan et al., 2014). The body
mass index (BMI) was calculated as body weight (kg) divided by height
squared (m2). Concentrations of air pollutants [particulate matter with
aerodynamic diameters ≤1, ≤2.5 and ≤10 μm (PM1, PM2.5, and PM10)
and nitrogen dioxide (NO2)] were predicted using a satellite-based
random forests approach, which has been described previously (G Chen
et al., 2018a; G Chen et al., 2018b; GB Chen et al., 2018). In brief, a
random forests model was developed to predict ground-level air pollutants using satellite remote sensing data, meteorological and land-use
data. Daily concentrations of air pollutants over Henan Province during
2012–2017 were estimated with the best-fitting model at a resolution of
0.1° (≈10 km).

2. Methods
2.1. Study population
The Henan Rural Cohort Study (established during July 2015 to
September 2017) was designed to investigate common chronic noncommunicable diseases in rural China. The details of study design have
been previously reported elsewhere (Liu et al., 2019). In short, 39,259
local residents aged 18–79 years in five rural counties in Henan Province were investigated using a multi-stage stratified cluster sampling
method (Fig. 1). Questionnaire information was collected by welltrained investigators. The Life Science Ethics Committee of Zhengzhou
University has approved this study, and all participants have signed
informed consent.

2.5. Statistical analyses
Mixed-effect linear regression models were employed to investigate
the association of PSQI score with residential greenness. We used EVI
and NDVI values within 1000 m buffer radius for the main analysis.
Considering the potential regional differences in the relationship between greenness and sleep, we included study region as a random effect
variable in the model. The model development was initiated with a
2
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Fig. 1. Locations of study areas in Henan Rural Cohort Study.

crude model (model 1) incorporating only study region and NDVI/EVI.
Then, an intermediate model (model 2) was developed by further including gender and age. Based on model 2, the final model (model 3)
was developed by additionally controlling educational attainment,
household income, and marital status (Chen et al., 2019; Sarkar et al.,
2018).
The interaction effects of gender, age, BMI, educational attainment
and household income were examined by including a cross-product
term in the final model. Considering the adverse impacts of air pollution on sleep (Chen et al., 2019; Lawrence et al., 2018) and the interaction between greenness and air pollution as previous studies indicated (Ji et al., 2020; Kim et al., 2019), we also evaluated whether the
greenness-sleep quality association was modified by four air pollutants
(PM1, PM2.5, PM10 and NO2). As BMI and physical activity may be
mediators of the greenness-sleep association, their mediating effects
were examined using the “mediation” package of R software. Two
statistical models were developed following Baron and Kenny’s methodology (Baron and Kenny, 1986). The mediator model included BMI/
physical activity, greenness and covariates, and the outcome model
included sleep quality, greenness, BMI/physical activity, and covariates. Then, the “mediate” function was used to estimate the indirect
effect and proportion of mediation. In order to test the robustness of our
models, the effects of NDVI/EVI values on sleep within 500 m and
3000 m buffer radiuses were evaluated in sensitivity analyses. The
means of EVI/NDVI for the two years prior to the survey were also used
to examine the long-term effects of residential greenness.
All results were presented as changes of PSQI score associated with
per interquartile range (IQR) increase in EVI or NDVI and 95%CIs. The
calculations of greenness data and all statistical analyses were performed using R software (version 3.6.0, R Foundation for Statistical
Computing) with “raster”, “lme4”, and “mediation” packages.

Table 1
Basic characteristics of participants.
Characteristics

Age(years, Mean ± SD)
Gender
Body mass index (BMI, kg/m2)
Educational attainment
Physical activity

Household income
Marital status
3

PM1(μg/m , Mean ± SD)

PM2.5(μg/m3, Mean ± SD)

PM10(μg/m3, Mean ± SD)

NO2(μg/m3, Mean ± SD)

3. Results
Among 27,654 participants, the mean age was 55.89 years (standard deviation, SD = 12.22) and 60.18% of them were female
(Table 1). The majority of them had less than nine years of educational
attainment (83.96%) and were normal weight (83.08%). Table 2 presents the summary of PSQI score and residential greenness. The mean
PSQI score of all participants was 3.78 (SD = 2.72). The means of EVI
and NDVI were 0.36 and 0.51 with the IQR of 0.06 and 0.06, respectively.
Fig. 2 shows the association between residential greenness and PSQI
score. In the crude model, the PSQI score decreased with per IQR

Total

Total
n

%

55.89

12.22

Male
Female

11,013
16,641

39.82
60.18

< 28
≥28

22,912
4666

83.08
16.92

≤9 years
> 9 years

23,219
4435

83.96
16.04

Mild
Moderate
High

8682
10,198
8774

31.40
36.88
31.73

< 500 RMB
≥500 RMB

10,219
17,435

36.95
63.05

Married
Unmarried

24,853
2801

89.87
10.13

1st tertile(< 55.48)
2nd tertile(55.48, 56.99)
3rd tertile(≥56.99)

54.27
56.43
58.14

1.00
0.42
0.84

1st tertile(< 71.47)
2nd tertile(71.47, 73.29)
3rd tertile(≥73.29)

70.28
72.07
74.51

0.43
0.62
0.87

1st tertile(< 127.83)
2nd tertile(127.83, 133.10)
3rd tertile(≥133.10)

124.92
129.66
135.60

0.82
1.85
1.65

1st tertile(< 36.27)
2nd tertile(36.27, 40.29)
3rd tertile(≥40.29)

35.55
37.85
41.54
27,654

0.40
1.16
0.69
100

Abbreviations: standard deviation: SD; particulate matter with aerodynamic
diameters ≤1 μm: PM1; particulate matter with aerodynamic diameters
≤2.5 μm: PM2.5; particulate matter with aerodynamic diameters ≤10 μm:
PM10; nitrogen dioxide: NO2.
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attainment. For example, ΔPSQI score associated with per IQR increment in EVI was −0.117 (−0.179, −0.053) for males and −0.018
(−0.068, 0.032) for females. As for NDVI, stronger association was
only observed among participants with higher educational attainment
[ > 9 years vs ≤9 years: −0.157 (−0.248, −0.066) vs −0.064
(−0.130, 0.005), p = 0.044]. Table 4 shows that ambient air pollution
was a potential modifier for the greenness-sleep quality association. For
example, significant interaction effect of PM1 was observed in the
greenness-sleep quality association. Participants exposed to PM1 at the
1st tertile showed −0.075 (−0.116, −0.030) change in PSQI score
associated with per IQR increase in EVI, while for PM1 at the 2nd tertile, it changed by −0.052 (−0.093, −0.010) with p value for interaction < 0.001.The mediation analysis showed BMI and physical activity had no significant mediating effects on the association between
residential greenness and sleep quality (Table S1 in the Supplementary
Material). Using different mean values of NDVI/EVI within 500 m and
3000 m buffer radiuses in sensitivity analyses, the results did not
change substantially (Table S2 in the Supplementary Material).

Table 2
A summary of sleep quality and residential greenness.
Mean

PSQI score
EVI
NDVI

3.78
0.36
0.51

SD

2.72
0.05
0.06

Min

0.00
0.11
0.19

Quantiles
Q25

Q50

Q75

2.00
0.33
0.49

3.00
0.37
0.53

5.00
0.39
0.55

Max

IQR

21.00
0.43
0.60

3.00
0.06
0.06

Abbreviations: standard deviation: SD; interquartile range: IQR; the Pittsburgh
Sleep Quality Index: PSQI; the Enhanced Vegetation Index: EVI; the Normalized
Difference Vegetation Index: NDVI.

4. Discussion
To the best of our knowledge, this is the first study focusing on the
relationship between greenness and sleep quality among adults in rural
China. In current study, we found higher residential greenness was
significantly associated with better sleep quality.
Currently, most studies on health effects of residential greenness are
conducted in urban areas, but it is not clear whether the conclusions of
those studies also apply to rural residents and rural environment.
Moreover, existing studies on the association between residential
greenness and sleep quality are scarce, and evidence is particularly
limited in developing countries, like China. Our findings concurred
with most of previous studies (Astell-Burt et al., 2013; Astell-Burt and
Feng, 2019; Grigsby-Toussaint et al., 2015; Johnson et al., 2018). For
example, a cross-sectional study in US demonstrated adults living close
to greater green space had a lower risk of sleep insufficiency. Specifically, compared with participants reporting 1–6 days of sleep insufficiency every month, those reporting 21–29 days of sleep insufficiency had a lower chance of approaching greenness (OR: 0.991;
95%CI: 0.986, 0.996) (Grigsby-Toussaint et al., 2015). Similar results
were also observed in a longitudinal study among 38,982 Australian
residents. Total green space and tree canopy had protective effects on
sleep duration. For total green space ≥ 30%, the OR (95%CI) of prevalent insufficient sleep was 0.68 (0.53, 0.85), and it was 0.78 (0.69,

Fig. 2. Changes of PSQI score associated with per interquartile range increment
in residential greenness. Abbreviations: the Enhanced Vegetation Index: EVI;
the Normalized Difference Vegetation Index: NDVI; the Pittsburgh Sleep
Quality Index: PSQI. Note: Model 1: adjusted for region; Model 2: further adjusted for gender and age; Model 3: further adjusted for educational attainment,
household income, and marital status.

increment in EVI and NDVI [ΔPSQI score (and 95%CI): −0.073
(−0.115, −0.030) and −0.047 (−0.089, −0.002)]. After controlling
potential confounders, ΔPSQI scores and 95%CIs were −0.055
(−0.095, −0.012) and −0.090 (−0.151, −0.025) associated with per
IQR increment in EVI and NDVI.
The results of stratified analysis are showed in Table 3. In terms of
EVI, the benefits of residential greenness were stronger in males and
participants who had higher household income and educational

Table 3
Changes of PSQI score associated with per interquartile range increment in residential greenness in interaction analysis.
EVI

Gender
Male
Female
Age
< 65 years old
≥65 years old
BMI
< 28 kg/m2
≥28 kg/m2
Household income
< 500 RMB
≥500 RMB
Educational attainment
≤9 years
> 9 years

NDVI

Changes of PSQI score (95%CI)

p value

Changes of PSQI score (95%CI)

p value

−0.117 (−0.179, −0.053)
−0.018 (−0.068, 0.032)

–
0.009

−0.004 (−0.059, 0.071)
−0.046 (−0.103, 0.014)

–
0.317

−0.044 (−0.090, 0.004)
−0.084 (−0.157, −0.012)

–
0.330

−0.076 (−0.143, −0.007)
−0.119 (−0.202, −0.035)

–
0.301

−0.059 (−0.103, −0.013)
−0.034 (−0.121, 0.052)

–
0.602

−0.092 (−0.155, −0.025)
−0.078 (−0.177, 0.022)

–
0.768

−0.005 (−0.067, 0.059)
−0.082 (−0.132, −0.033)

–
0.042

−0.049 (−0.127, 0.032)
−0.112 (−0.180, −0.044)

–
0.098

−0.032 (−0.077, 0.014)
−0.144 (−0.229, −0.059)

–
0.018

−0.064 (−0.130, 0.005)
−0.157 (−0.248, −0.066)

–
0.044

Abbreviations: The Pittsburgh Sleep Quality Index: PSQI; body mass index: BMI; the Enhanced Vegetation Index: EVI; the Normalized Difference Vegetation Index:
NDVI.
Note: Adjusted for region, gender, age, educational attainment, household income and marital status.
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Table 4
Changes of PSQI score associated with per interquartile range increment in residential greenness, modified by air pollutants.
EVI

PM1
1st tertile
2nd tertile
3rd tertile
PM2.5
1st tertile
2nd tertile
3rd tertile
PM10
1st tertile
2nd tertile
3rd tertile
NO2
1st tertile
2nd tertile
3rd tertile

NDVI

Changes of PSQI score (95%CI)

p value

Changes of PSQI score (95%CI)

p value

−0.075 (−0.116, −0.030)
−0.052 (−0.093, −0.010)
−0.083 (−0.128, −0.038)

–
< 0.001
0.378

−0.060 (−0.104, −0.012)
−0.041 (−0.085, 0.002)
−0.066 (−0.112, −0.020)

–
< 0.001
0.410

−0.060 (−0.101,-0.016)
−0.032 (−0.074,0.011)
−0.059 (−0.103, −0.014)

–
< 0.001
0.917

−0.042 (−0.084,0.004)
−0.019 (−0.062,0.024)
−0.041 (−0.086, 0.003)

–
< 0.001
0.935

−0.070 (−0.112, −0.027)
−0.047 (−0.089, −0.004)
−0.060 (−0.110, −0.011)

–
< 0.001
0.400

−0.049 (−0.094, −0.003)
−0.030 (−0.075, 0.014)
−0.038 (−0.089, 0.012)

–
< 0.001
0.232

−0.061 (−0.102, −0.019)
−0.043 (−0.085, 0.000)
−0.030 (−0.075, 0.016)

–
0.004
0.003

−0.036 (−0.078, 0.009)
−0.021 (−0.064,0.022)
−0.009 (−0.054, 0.036)

–
0.003
0.001

Abbreviations: The Enhanced Vegetation Index: EVI; the Normalized Difference Vegetation Index: NDVI; the Pittsburgh Sleep Quality Index: PSQI; particulate
matter with aerodynamic diameters ≤1 μm: PM1; particulate matter with aerodynamic diameters ≤2.5 μm: PM2.5; particulate matter with aerodynamic diameters
≤10 μm: PM10; nitrogen dioxide: NO2.
Note: Adjusted for region, gender, age, educational attainment, household income and marital status.

consistent with our findings. One potential pathway is that green space
can have impacts on sleep by reducing air pollution. Vegetation can
promote the absorption of gaseous pollutants and intercept particulate
matters (Chen et al., 2016), which can alleviate the adverse effects of
air pollution on sleep. The mediating effects of BMI and physical activity were inconsistent with some of previous studies (Yang et al.,
2019), which may be due to different approaches to mediation analysis.
Although the causal mediation analysis we used can test the indirect
effect, the neglected competitive indirect paths may contribute to the
insignificant mediating effect (Dzhambov et al., 2020). Dramatic social
changes witnessed the growing sleep problems in Chinese population.
For example, 3.9% children in northeast China had sleep disorders
(Lawrence et al., 2018). This study suggested that green space such as
forest, lawn, and garden had a significant effect on sleep. However, the
coverage of green space showed a decreasing trend both in urban and
rural China. Based on the results of our study, the deteriorating residential green space may aggravate the severity of sleeping problems,
especially in susceptible population. More attentions should be paid to
the protection of green space and the prevention of sleep problems in
rural China.
This study has several limitations. Firstly, data on sleep quality were
from the baseline survey of the cohort. We are unable to test the causal
relationship between sleep problems and greenness exposure. In addition, the quality of sleep was evaluated by the PSQI score in our study.
It was not further confirmed by clinical examination such as polysomnography, the gold standard in diagnosing obstructive sleep apnea
(Malhotra et al., 2018). Furthermore, we did not control several factors
that may also have adverse impacts on sleep, such as noise (Watson
et al., 2015), comorbidity (Hayashino et al., 2010), depression and
anxiety (Stickley et al., 2019), due to the unavailability of data. These
factors can lead to short sleep time, poor sleep quality and sleep disturbance. Moreover, several factors that may also interact with the
greenness-sleep association were not considered in this study, including
the visibility and quality of greenspace and the influence of indoor
plants, due to lack of relevant information. What’s more, we did not
consider the amount of housework and labor income in female participants as unavailability of data, which were potentially related to
gender differences in the greenness-sleep association. Finally, we did
not take short-term fluctuation of sleep quality into consideration. Due
to many internal (personality, drinking, and smoking) and external
factors (stress, noise and ambient temperature), sleep quality may

0.88) for tree canopy. In addition, the incidence of short sleep (< 6 h)
was lower among participants with ≥30% tree canopy [OR (95%CI):
0.87 (0.75, 0.99)] (Astell-Burt and Feng, 2019). A systematic review
concluded that higher greenspace exposure was positively associated
with a lower risk of poor sleep quality (Shin et al., 2020). However, a
recent literature concluded there was no convincing evidence of relationship between sleep quality and green space among children and
adolescents from Germany and Australia (Feng et al., 2020).
At present, several potential pathways are available to explain the
greenness-sleep association (Kuo, 2015; Markevych et al., 2017). The
first pathway is related to restoring capacities, such as psychophysiological stress recovery. Poor sleep quality is linked with mental health
problems. Green space can effectively relieve psychophysiological
stress and improve mental health (Tomita et al., 2017), and help to
improve sleep quality. Secondly, greenness can reduce harmful effects
from other environmental factors which are related to poor sleep
quality, like air pollution, heat and noise. For instance, numerous studies have revealed outdoor air pollution and traffic noise were important risk factors for poor sleep (Basner and McGuire, 2018;
Lawrence et al., 2018; Nassur et al., 2019). Finally, residential greenness can impact on sleep via building capacities. Accessible green space
encourages people to take part in more outdoor and social activities
(McMorris et al., 2015; Persson et al., 2019), leading to good sleep
quality (Del Brutto et al., 2020; Mesas et al., 2020). These potential
mechanisms should be further confirmed and new mechanisms should
be explored by more studies in future.
The stratified results showed the effects of green space on sleep
varied in individuals with different gender, level of household income
and educational attainment. Residential greenness showed stronger
effect on males than females in our findings, which was the same as
other studies (Grigsby-Toussaint et al., 2015). Higher household income
and educational attainment may contribute to getting easier access to
green space and developing healthier sleeping habits. Alternatively,
they may buffer other risk factors for poor sleep and thus allow for the
effect of greenspace to be observable. It has been previously reported
that outdoor air pollution increased the risk of sleep disorder and poor
sleep quality (Chen et al., 2019; Lawrence et al., 2018), our stratified
results suggested exposure to air pollutants had interaction effects on
the relationship between residential greenness and sleep quality. Previous studies demonstrated greenness and air pollution had interaction
effects on health outcomes, (Ji et al., 2020; Kim et al., 2019), which was
5
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change over time (Song et al., 2020). The PSQI score we collected can
only reflect the individual’s sleep quality during the past month.
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