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ARTICLE INFO ABSTRACT

Keywords: Background: Previous studies have found that human mobility restrictions could not only prevent the spread of
Mediating effect COVID-19, but also improve the air quality because of the reduction of industrial production, transportation and
Air quality

traffic. It is noteworthy that air quality is also closely related to the risk of COVID-19 infection. Therefore, we
aimed to assess the mediating role of air quality on the association between human mobility and the infection
caused by this novel coronavirus.

Methods: We collected daily confirmed cases, human mobility data, air quality data and meteorological variables
in 120 cities from China between January 23, 2020 and February 29, 2020. We applied the generalized additive
model to examine the association of human mobility index with COVID-19 confirmed cases, and to assess the
mediating effects of air quality index and each pollutant.

Results: We observed a significant positive relationship between human mobility index and the daily counts of
COVID-19 confirmed cases. A unit increase in human mobility index (lag0-14) was associated with a 6.45%
increase in daily COVID-19 confirmed cases, and air quality index significantly mediated 19.47% of this asso-
ciation. We also observed a positive relationship between human mobility index and air quality index. In the
pollutant level analyses, we found significant mediating effects of PMy 5, PMj, and NO,.

Conclusions: Our study suggests that limiting human movements could reduce COVID-19 cases by improving air

Human mobility
Novel coronavirus pneumonia
COVID-19

quality besides decreasing social contact.

1. Introduction

Coronavirus disease 2019 (COVID-19), caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), continues to spread
rapidly around the world (Chen et al., 2020a; Dong et al., 2020; Gilbert
et al., 2020; Zhou et al., 2020). As of 28 May 2020, data from the World
Health Organization have shown that more than 5,596,550 confirmed
cases have been detected and 353,373 confirmed deaths worldwide.
Most infected patients only have mild symptoms such as fever and dry
cough, while some patients have fatal complications like Acute Respi-
ratory Distress Syndrome (ARDS) (Chen et al., 2020c; Huang et al.,
2020a; Sohrabi et al., 2020). Thus, exploring risk factors affecting the
transmission of SARS-CoV-2 is a meaningful study.

Early studies have shown that human mobility plays an important
role in the dispersal of infection since SARS-CoV-2 could spread by
human-to-human transmission via direct contact or droplets (Chan

* Corresponding author.

et al., 2020; Kraemer et al., 2020; Li et al., 2020; Tian et al., 2020).
Therefore, to make people stay at home and decrease social contact,
various public health interventions have been implemented in many
countries, such as prohibiting travel in and out of cities, banning mass
gatherings, and closing schools and entertainment venues (Bayham and
Fenichel, 2020; Chen et al., 2020d; Chinazzi et al., 2020). An empirical
study found that the lockdown of Wuhan city on 23 January 2020
reduced outflows from Wuhan by 56.35%, inflow into Wuhan by
76.64%, and within-Wuhan movements by 54.15% (Fang et al., 2020).

It is noteworthy that human mobility restrictions could not only
prevent the spread of COVID-19, but also improve the air quality
because of the reduction of industrial production, transportation and
traffic (Kerimray et al., 2020; Mahato et al., 2020; Nakada and Urban,
2020; Tobfias et al., 2020). According to a study using data from 44 cities
in China, the air quality index (AQI) decreased by 7.80% on average due
to the implementation of travel restrictions (Bao and Zhang, 2020).
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Importantly, air quality is also closely related to the risk of COVID-19
infection, since air pollutants could affect body’s immunity and carry
virus (Bianconi et al.; Fattorini and Regoli, 2020; van Doremalen et al.,
2020; Zhu et al., 2020). So, it is reasonable to hypothesize that air
quality could partially mediate the association of human mobility with
COVID-19 infection.

In this study, we aimed to investigate the relationship between
human mobility and COVID-19 infection, and to assess the mediating
role of air quality on this association, based on data from 120 cities in
China.

2. Materials and methods
2.1. Study area
116 prefecture-level cities and 4 municipalities were included in this

study, covering the majority of Chinese mainland (83.4°-131.6° east
longitude, and 20.0°-51.4° north latitude). Fig. 1 plots the locations of
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these 120 cities and the cumulative COVID-19 confirmed cases in each
city during our study period (i.e., January 23, 2020 to February 29,
2020). We focused our study on these cities because the air pollution
data and the meteorological data were limited.

2.2. Data collection

We collected daily confirmed new cases for each city between
January 23, 2020 (i.e., the date of Wuhan lockdown) and February 29,
2020 from the official websites of local health commissions.

Human mobility was measured by the real-time intracity migration
index calculated from the ratio of the number of people traveling in a
city to the number of people living in that city (Bao and Zhang, 2020).
Human mobility index data were obtained from the Baidu Qianxi online
platform (http://qianxi.baidu.com), which tracked human movements
by mobile phone data from Baidu location-based services.

Daily air quality data including air quality index (AQI), PM3 5, PM;,
NO3, O3, SO3, and CO for each city were collected from an air quality
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Fig. 1. Locations of all 120 cities in our analyses and cumulative COVID-19 confirmed cases (log) in each city during our study period (i.e., January 23, 2020 to

February 29, 2020).
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monitor platform (https://www.aqistudy.cn/historydata/). The AQI is
calculated by two steps, which could describe the level of air quality
(larger AQI means more serious air pollution). The first step is to
calculate the individual air quality index (IAQI) values for six pollutants
(PM3 5, PMjj, NO3, O3, SO3, and CO), and the second step is to choose
the maximum of the six IAQI values as the AQI (Zhong, S., et al., 2019).

We obtained daily meteorological data on mean temperature, rela-
tive humidity, atmospheric pressure, and wind speed from the National
Meteorological Information Center (http://data.cma.cn). We down-
loaded the dataset of daily climate data from Chinese surface stations for
global exchange (http://data.cma.cn/data/cdedetail/dataCode/SURF_
CLI_CHN_MUL_DAY_CES_V3.0.html) on this platform. The surface sta-
tions could be matched with cities by the station number.

2.3. Statistical analysis

Our statistical analysis included two parts. In the first part, we
applied the generalized additive model (GAM) with a Gaussian distri-
bution family to assess the association of human mobility index with
daily COVID-19 confirmed cases (Hastie, 2017; Liu et al., 2020a; Xie and
Zhu, 2020; Zhu et al., 2020). Since the incubation period of COVID-19 is
estimated to range from 1 to 14 days and there is also a delay (mean:
4.95 days) between the onset of illness and being confirmed according to
the National Health Commission in China (National Health Commission
of the PRC, 2020a, 2020b), a moving-average approach was used to
capture the moving average lag effect (lag0-7, lag0-14, lag0-21) of
human mobility index on daily confirmed cases of COVID-19 (Duan
et al., 2019; Li et al., 2018; Zhu et al., 2020). Our model was defined as
follows:

log(Yy) = a+ PHMI; + s(My) + ¢plog(Y;,—1) + city; + day, + €; (@D)]

Here, log(Y;) indicates the logarithm of the number of confirmed
new cases in city i on day t (plus 1 to avoid taking the logarithm of 0). a is
the intercept. HMI; denotes the (I+1)-day moving average of human
mobility index (lag0-0) in city i. We controlled for meteorological vari-
ables (M) including mean temperature, relative humidity, atmospheric
pressure, and wind speed during the same period according to previous
studies, using s(-) (the thin plate spline function with the 3 degrees of
freedom) to account for non-linear effect (Xie and Zhu, 2020; Zhu et al.,
2020). We also controlled the logarithm of the number of confirmed new
cases in city i on day t-1 to account for potential serial correlation (Liu
etal., 2020a). Time-invariant city characteristics such as population size
were controlled by including city fixed effect (city;), and unobserved
factors affecting all cities in each day such as Spring Festival were
controlled by including day fixed effect (day,) (Amuakwa-Mensah et al.,
2017; Lu and Lu, 2017).

In the second part, we conducted the mediation analysis to test our
hypothesis that air quality could partially mediate the association of
human mobility with COVID-19 infection. That is, human mobility is not
only directly associated with COVID-19 infection, but also indirectly
related to COVID-19 infection through air quality. According to previous
studies (Baron and Kenny, 1986; Chen et al., 2020b), Equation (2) an
Equation (3) were constructed:

AQly = a+ yHMI; + s(My) + city; + day, + € 2

log(Yy) = a+ 6HMI; + 0AQI,; + s(My) + ¢ log(Y:,—1) + city; + day, + €;
3

Here, AQI; denotes the (I+1)-day moving average of air quality index
(lag0-D) in city i. Therefore, the three Equations (1)-(3) constituted a
complete mediation test based on three steps: the first step is to test
whether the coefficient § in Equation (1) is statistically significant; the
second step is to test whether the coefficient y in Equation (2) is statis-
tically significant; the third step is to test whether the coefficients § and 6
in Equation (3) were statistically significant. If g, y, 5 and @ are all sig-
nificant, and the indirect effect (y x ) has the same sign as the direct
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effect (5), our hypothesis is supported. The proportion of the association
between human mobility and COVID-19 infection mediated was calcu-
lated by Equation (4) (Huang et al., 2020b; Liu et al., 2020b; Yin et al.,
2018):

indirect effect
total effect

yx0

x 100% = x 100% @
Specifically, the suppressing effect occurs when the indirect effect
has the opposite sign of the direct effect (Shrout, P. E., Bolger, N., 2002).
Including a suppressor in Equation (3) could make the direct effect
greater in magnitude than the total effect () (Rucker, D. D., et al.,
2011). Additionally, we also conducted the pollutant level analyses to
examine the mediating effect of each pollutant by the same method.

In the sensitivity analysis, we excluded Wuhan city from our data to
examine the robustness of our results because the number of confirmed
cases in Wuhan was much larger than that in others. The “mgcv”
package (version 1.8-31) in R software (version 4.0.0) was used to
conduct the GAM in this study.

3. Results
3.1. Descriptive analysis

During the study period, our analysis included over 58,000
confirmed cases, covering 70% of confirmed cases in China. Table 1
presents the descriptive statistics of daily confirmed new cases, human
mobility index, air quality index, air pollutants, and meteorological
variables. The average of daily COVID-19 confirmed cases, human
mobility index, and air quality index were 12.94, 2.74, and 70.72,
respectively. Average daily concentrations of PMjy 5, PM;g, NOo, O3, SOo,
and CO were 46.43 pg/m°>, 62.97 pg/m>, 19.28 pg/m3, 78.22 pg/m3,
12.23 pg/m® and 0.85 mg/m>, respectively. Average daily mean tem-
perature, relative humidity, atmospheric pressure, and wind speed were
2.82 °C, 67.25%, 964.08 hPa, and 2.11 m/s, respectively.

Table 2 shows the spearman correlation coefficients between human
mobility index, air quality index, air pollutants, and meteorological
variables. Human mobility index was positively correlated with air
quality index (r = 0.05, p < 0.05), PMy 5 (r = 0.06, p < 0.05), PM;( (r =
0.08, p < 0.05), NO5 (r = 0.05, p < 0.05), CO (r = 0.04, p < 0.05), mean
temperature (r = 0.18, p < 0.05) and relative humidity (r = 0.07, p <
0.05), while had negative correlations with O3 (r = —0.04, p < 0.05),
SO, (r = —0.03, p > 0.05), atmospheric pressure (r = —0.10, p < 0.05)
and wind speed (r = —0.05, p < 0.05).

3.2. Relationship between human mobility index and COVID-19
confirmed cases

Fig. 2 shows the moving average lag effects (lag0-7, lag0-14,

Table 1

Descriptive statistics of daily confirmed new cases, human mobility index, air
quality index, air pollutants and meteorological variables across all cities and
days.

Mean (SD) Min Max
Daily confirmed cases 12.94 (228.96) 0 13,436
Human mobility index 2.74 (1.08) 0.57 8.88
Air quality index 70.72 (45.34) 13 500
PMS, 5 (ug/m%) 46.43 (38.55) 2 554
PM;, (pg/m®) 62.97 (49.76) 4 632
NO, (ug/m>) 19.28 (11.87) 2 86
03 (ng/m®) 78.22 (20.58) 11 152
SO, (ug/m%) 12.23 (9.90) 2 87
CO (mg/m?) 0.85 (0.47) 0.1 7.4
Mean temperature (°C) 2.82(10.11) -33.8 26.5
Relative humidity (%) 67.25 (17.42) 17 100
Atmospheric pressure (hPa) 964.08 (76.15) 668.1 1039
Wind speed (m/s) 2.11 (1.19) 0 15.4
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Table 2
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Spearman correlation coefficients between human mobility index, air quality index, air pollutants, and meteorological variables across all cities and days.

Human

Air

PMy 5 PMio NO, O3 SO, Cco Mean Relative Atmospheric Wind
mobility quality temperature humidity pressure speed
index index

Human 1.00
mobility
index
Air quality 0.05* 1.00
index
PMas 0.06* 0.92* 1.00
PMo 0.08* 0.93* 0.91% 1.00
NO, 0.05* 0.60* 0.64* 0.65* 1.00
(o} —0.04* 0.29% 0.13% 0.19% 0.08* 1.00
SO, -0.03 0.37* 0.37* 0.45* 0.52* 0.11% 1.00
co 0.04* 0.60* 0.69* 0.62* 0.63* -0.04*  0.39% 1.00
Mean 0.18* —-0.11* -0.13*  —-0.17*  -0.18*  0.08* -0.52*  -0.09*  1.00
temperature
Relative 0.07* —0.06* 0.08* -0.08*  -0.07*  -0.40*  -0.41*  0.12* 0.34* 1.00
humidity
Atmospheric —0.10% 0.03 0.07* 0.02 0.04* —-0.04*  —0.21*  —0.04*  0.15* 0.27% 1.00
pressure
Wind speed —0.05* —0.15* —-0.21*  —0.13*  —0.22*  0.04% —0.03  -0.22*  —0.07* —0.13% 0.12% 1.00
*p < 0.05.
lag0-21) of human mobility on confirmed cases of COVID-19 using »
Equation (1). We observed significant positive relationships between Non-Wuhan cities
human mobility index and the daily counts of COVID-19 confirmed cases
at lag0-14 and lag0-21. A unit increase in human mobility index was g
associated with a 6.45% (95% CI: 1.66 to 11.23) increase in daily =
. o
COVID-19 confirmed cases at lag0-14, and a 18.95% (95% CI: 13.41 to ~°a-;° ] }
24.50) increase in confirmed cases at lag0-21. In the sensitivity analysis, o
the relationship between COVID-19 confirmed cases and human %o
mobility index was robust after excluding Wuhan (Fig. 3). S {
o]
<
g O - mm
3.3. The mediating effect of air quality index &
=3 -
Table 3 shows the results of our mediation analysis. We found that air
quality index partially mediated the association of human mobility

index with COVID-19 confirmed cases, supporting our hypothesis. At lag
0-14, air quality index significantly mediated 19.47% of the relationship
between human mobility and COVID-19 infection, and the direct effect
of human mobility indicated that a unit increase in human mobility
index (lag 0-14) was associated with a 5.15% (95% CI: 0.31 to 10.00)
increase in daily COVID-19 confirmed cases. At lag 0-21, the proportion
of the relationship between human mobility and COVID-19 infection
mediated by air quality index was 9.98%. The direct effect showed that a
unit increase in human mobility index (lag 0-21) was associated with a
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Fig. 2. Percentage change (%) and 95% confidence interval of daily COVID-19
confirmed cases associated with a unit increase in human mobility index using
Equation (1).
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Fig. 3. Percentage change (%) and 95% confidence interval of daily COVID-19
confirmed cases associated with a unit increase in human mobility index using
Equation (1) after excluding Wuhan.

17.16% (95% CI: 11.55 to 22.77) increase in daily COVID-19 confirmed
cases. We also observed a positive relationship between human mobility
index and air quality index. As shown in Table 4, the results of the
mediation analysis were still robust and the proportions of the associa-
tion between human mobility and COVID-19 infection mediated by air
quality index were also similar (19.14% at lag 0-14 and 8.87% at lag
0-21) after excluding Wuhan.

3.4. The mediating effect of each air pollutant

Table 5 shows a summary of our pollutant level analyses, and the full
results are shown in Tables S1-S2. At lag 0-14, PMy 5, PM;jo and NOy
significantly mediated 18.23%, 12.72% and 27.82% of the relationship
between human mobility and COVID-19 infection, respectively. At lag
0-21, the proportions of the relationship between human mobility and
COVID-19 infection mediated by PMy 5, PM;o and NO, were 8.91%,
7.64% and 22.64%. However, we did not find the mediating effects of
SO, and CO. We also observed that human mobility was negatively
associated with O3 while O3 was positively related to COVID-19 infec-
tion (Tables S1-d). Therefore, O3 had a statistically significant sup-
pressing effect. These results were robust after excluding Wuhan city.



Y. Zhu et al.

Table 3
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Mediating effects of air quality index on the association between human mobility and COVID-19 confirmed cases.

Lag0-14

Lag0-21

Variables Confirmed cases (log) Air quality index

Confirmed cases (log)

Confirmed cases (log) Air quality index Confirmed cases (log)

Human mobility 0.0645*
index (0.0166-0.1123)
Air quality index

7.8500*
(6.3898-9.3102)

0.0515*

0.0016*

(0.0007-0.0026)

Control variables YES YES YES

(0.0031-0.1000)

0.1895* 7.5640* 0.1716*
(0.1341-0.2450) (6.2369-8.8911) (0.1155-0.2277)
0.0025*
(0.0012-0.0037)
YES YES YES

Note: This table reports Equation (1) — (3) estimated coefficients and 95% confidence intervals of interest variable and mediator.

*p < 0.05.
Table 4
Mediating effects of air quality index on the association between human mobility and COVID-19 confirmed cases after excluding Wuhan.
Lag0-14 Lag0-21
Variables Confirmed cases (log) Air quality index Confirmed cases (log) Confirmed cases (log) Air quality index Confirmed cases (log)
Human mobility 0.0699* 7.8680* 0.0565* 0.2144* 7.6040* 0.1964*
index (0.0222-0.1176) (6.3986-9.3374) (0.0082-0.1048) (0.1591-0.2698) (6.2659-8.9421) (0.1404-0.2524)
Air quality index 0.0017* 0.0025*
(0.0007-0.0026) (0.0013-0.0037)
Control variables YES YES YES YES YES YES

Note: This table reports Equation (1) — (3) estimated coefficients and 95% confidence intervals of interest variable and mediator.

*p < 0.05.

Table 5
The proportion of the association between human mobility and COVID-19
infection mediated by separate air pollutant.

All 120 cities Non-Wuhan cities

Lag0-14 Lag0-21 Lag0-14 Lag0-21
PM; 5 18.23% 8.91% 17.72% 7.94%
PMio 12.72% 7.64% 11.77% 6.80%
NO 27.82% 22.64% 26.02% 19.34%
O3 Suppressing Suppressing Suppressing Suppressing
effect effect effect effect
SO, / / / /
co / / / /

4. Discussion

The purpose of this paper was to determine the underlying mecha-
nism of the association between human mobility and the spread of
COVID-19 by assessing the mediating effect of air quality, different from
our previous work (Zhu et al., 2020) which aimed to examine the rela-
tionship between air pollution and COVID-19 infection. In this study, we
found that human mobility was positively associated with COVID-19
confirmed cases using a generalized additive model. The mediation
analysis showed that air quality index, PMy 5, PM;o, and NO; signifi-
cantly mediated the association between human mobility and COVID-19
infection. However, we also found the suppressing effect of O3. These
results providing evidence that human mobility restrictions could not
only control the epidemic by decreasing social contact, but also affect
the risk of COVID-19 infection by changing air quality.

Our results are consistent with previous studies. First, for the positive
relationship between human mobility and the spread of COVID-19, Tian
et al. (2020) found that mobility restriction policies like suspending
intracity public transport, banning public gatherings and closing
entertainment venues were associated with reductions in case incidence
of COVID-19. Additionally, a study also reported that these old-style
public health measures could play an important role in the novel coro-
navirus epidemic (Wilder-Smith and Freedman, 2020). Second, for the
association of human mobility with air quality, Bao and Zhang (2020)
showed that the reductions in PM;(y and NO; during the city lockdown
could be completely explained by variations in human mobility, and
they also indicated that 44.9% and 9.3% of the variations in AQI and

PM, 5 were attributed to human mobility, respectively. The reason is
that air pollution generated by consumption activities and industrial
productions decreased due to the travel restrictions. Other studies re-
ported that O3 concentration increased during the COVID-19 lockdown,
which may be caused by the increased garden and home activities (e.g.
cleaning and biomass burning) (Shi, X., Brasseur, G. P., 2020; Sicard, P.,
et al,, 2020). Third, for the association between air quality and
COVID-19 infection, Zhu et al. (2020) suggested that short-term expo-
sure to higher concentrations of air pollutants (such as PM; 5, PM;o, NOg
and Og3) is associated with a higher risk of COVID-19 infection, since
ambient air pollutants could make pathogens more invasive to humans
by carrying them and make people more susceptible by affecting body’s
immunity (Becker and Soukup, 1999; Horne et al., 2018; Xu et al.,
2016).

Our study has several contributions. First, to the best of our knowl-
edge, this is the first multi-city study to assess the mediating effect of air
quality on the association between human mobility and COVID-19
infection, indicating that affecting air quality is a potential mechanism
besides decreasing social contact. Second, this study contributes to the
integration of literature investigating three associations (i.e., the asso-
ciation of human mobility with COVID-19 infection, the association of
human mobility with air quality, and the association of air quality with
COVID-19 infection). Third, our study provides new evidence that
human mobility restrictions are useful for controlling the epidemic but
could increase O3 pollution.

There are also some limitations. First, the human mobility index from
Baidu does not represent the real number of people going outside. Sec-
ond, subgroup analysis by age group or gender to explore the sensitive
population could not be conduct due to the lack of related information.
Third, only cities in China were included in this study, so our findings
were not globally representative. For those countries that do not have
serious pollution issues, the mediating effect of air quality may be
different. Future studies are needed to overcome these limitations.

5. Conclusion

In conclusion, our study suggests that limiting human movements is
related to the reduction in COVID-19 confirmed cases and indicates that
affecting air quality is a potential mechanism besides decreasing social
contact. Therefore, human mobility restrictions and other public health
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interventions encouraging people to stay at home are useful for con-
trolling the epidemic. However, this is a preliminary study, and large
datasets should be used to conduct global analyses in the future since the
mediating effect of air quality may not exist in those countries that do
not have serious pollution issues.
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