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Abstract

Background: The novel coronavirus disease (COVID-19) was first reported in Wuhan, China. The mass population
mobility in China during the Spring Festival has been considered a driver to the transmission of COVID-19, but it
still needs more empirical discussion.

Methods: Based on the panel data from Hubei, China between January 6th and February 6th, 2020, a random
effects model was used to estimate the impact of population mobility on the transmission of COVID-19. Stata
version 12.0 was used, and p < 0.05 was considered statistically significant.

Results: The COVID-19 was more likely to be confirmed within 11–12 days after people moved from Wuhan to 16
other prefecture-level cities in Hubei Province, which suggests a period of 11–12 days from contact to being
confirmed. The daily confirmed cases and daily increment in incidence in 16 prefecture-level cities show obvious
declines 9–12 days post adaptation of city lockdown at the local level.

Conclusion: Population mobility is found to be a driver to the rapid transmission of COVID-19, and the lockdown
intervention in local prefecture-level cities of Hubei Province has been an effective strategy to block the COVID-19
epidemic.
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Introduction
The novel coronavirus disease (COVID-19) was first re-
ported in December, 2019 in Wuhan and has been rap-
idly spreading to other areas in China since then [1, 2].
On January 20th, 2020, the first confirmed case in
Huanggang, Hubei was reported; on January 22nd, some
confirmed cases were also reported in Jingzhou and Jing-
men in Hubei; on January 27th, all prefecture-level cities
in Hubei reported confirmed cases of COVID-19. By the
end of February 29th, a total of 66,907 confirmed cases

of COVID-19 and 2761 deaths directly caused by the
COVID-19 had been reported in Hubei Province [3].
Given the high infectivity of COVID-19, the Chinese
central government has attached great importance to it.
Wuhan closed all its routes leaving Wuhan and sus-
pended its public transportation at 10 a.m. on January
23rd, 2020. Within 2 days after that, 14 other
prefecture-level cities in Hubei Province also succes-
sively announced their lockdown policies to limit popu-
lation mobility. By January 25th, there had been 26
provinces that had launched the first-level response to
major public health emergencies, covering a total popu-
lation of more than 1.2 billion in China.
The COVID-19 is reported to spread mainly through

respiratory droplets, direct contact, aerosol diffusion and
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so forth [4–6]. The transmission of such airborne dis-
eases is closely related to population mobility, because
pathogens in the air may spread along the path of popu-
lation mobility during the transmission of such viruses
[7]. For example, some epidemiological studies on the
severe acute respiratory syndrome (SARS) report that
population mobility can spread the SARS epidemic to
other areas [8], and the area along expressways or near
interprovincial expressways has the highest risk of SARS
infection [9]. Studies on the transmission mechanism of
tuberculosis show that Chinese internal migrants can
bring tuberculosis virus back to their hometown and
cause a rapid transmission of tuberculosis [10]. Evidence
from influenza also suggests that a close proximity to
other people during population mobility (e.g., travelling
on the same train for a long time with people with influ-
enza) greatly increases the chance of influenza infection
[11]. Also, because the transmission ways or mechanisms
between the COVID-19 and the airborne diseases above
are similar, the mass population mobility during the
Spring Festival in China (also called Chunyun) may be a
driver to the spread of COVID-19. The rush of people
brought by Chunyun has greatly increased the population
density in railway and passenger stations, which has also
increased the difficulty for governments and health insti-
tutions in controlling the transmission of COVID-19 [6].
Some recently published studies have also discussed

the transmission of COVID-19 and whether it related to
population mobility. For example, based on the real-time
mobility data from Wuhan, Kraemer et al. found that
the drastic control measures implemented in China, in-
cluding travel restrictions and social distancing, substan-
tially mitigated the spread of COVID-19, because less
confirmed cases were reported to have experiences of
traveling to Wuhan 1 week after its lockdown interven-
tion [12]. Pan et al. predicted that the lockdown inter-
vention in China reduced the number of confirmed
cases by 96%, and the lockdown of Wuhan delayed the
spread of the COVID-19 epidemic to other cities by at
least 2.91 days [13]. Using a second derivative model,
Chen and Yu found that although the COVID-19 epi-
demic displayed a nonlinear and chaotic feature, it
showed a decline within 14 days after massive interven-
tions had been conducted, which indicated an incuba-
tion period of 14 days for COVID-19 [14]. Yang et al.
used a modified susceptible-exposed-infectious-removed
(SEIR) model to examine the effect of lockdown con-
ducted in January on the size of the COVID-19 epi-
demic; they found the lockdown of Wuhan significantly
reduced the number of confirmed cases, and it might be
three times larger if Wuhan’s lockdown intervention was
carried out 5 days later [15]. Similarly, based on a time-
delay dynamic system model, Yan et al. thought that if
the mass population mobility emerged again in February,

the COVID-19 epidemic would be more severe and was
harder to control [16]. In addition to China, similar evi-
dence that travel restrictions and social distancing
caused by the lockdown intervention mitigate the spread
of COVID-19 is also found in other countries [17–20],
indicating a positive effect of population mobility on the
transmission of COVID-19 more or less.
The World Health Organization (WHO) reported that

China’s intensive public health interventions, including
lockdown and social distancing, have significantly con-
tributed to the containment of COVID-19 [21]. Accord-
ingly, the widespread transmission of COVID-19 in
China may be highly related to the mass population mo-
bility attributable to Chunyun in 2020. However, this
issue needs to be further discussed, as it is still unclear
to what extent the mass population mobility during
Chunyun has influenced the COVID-19 epidemic, and
the exact association between population mobility and
the COVID-19 epidemic is also unclear. There is no
doubt that examining the impact of population mobility
on the COVID-19 epidemic will help us understand how
the lockdown intervention that aims to reduce popula-
tion mobility can help us fight the epidemic. Based on
the data from Hubei Province, the present study aimed
to estimate the influence of population mobility on the
transmission of COVID-19.

Methods
Data sources
The data used in this study were collected from multiple
sources that are open-access. First, data on confirmed
COVID-19 cases in 16 prefecture-level cities of Hubei
Province (except for Wuhan) from January 22nd to Feb-
ruary 6th, 2020 were obtained from the official website
of the Health Commission of Hubei Province.1 Second,
the proportion of Wuhan’s outflow population that flo-
wed into 16 other prefecture-level cities in Hubei Prov-
ince was collected from the Baidu Migration Big Data
Website. This aggregated mobility data can help us
understand population mobility status during this era
[22] and supports this study. It is reported that the incu-
bation period of COVID-19 is 3–7 days, with a max-
imum of 14 days [23]. Accordingly, we collected data on
population mobility from January 6th, 2020 (16 days
ahead of January 22nd, 2020).2 Although Wuhan was

1Data on January 20th and 21st were excluded because new confirmed
cases were reported only in two prefecture-level cities in these two
days, which may reduce the statistical power.
2For the data we used, the diagnosis date is the time one is confirmed
to be a COVID-19 patient, not the date when this patient began to
have related symptoms. Thus, we should consider the period from
contact to being confirmed (contact-infection-latency-onset-diagnosis),
and this period will be longer than the incubation period (3–7 days in
most cases).
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locked down on January 23rd, there were still a large
number of people leaving Wuhan on this day and the
following 2 days due to the Spring Festival and many
other reasons. Therefore, the deadline for the data col-
lection of population mobility was set as January 25th,
2020 in this study. Third, the spatial distances between
Wuhan and 16 other prefecture-level cities in Hubei
Province were measured using the Baidu Map. Fourth,
the time of city lockdown in 16 prefecture-level cities of
Hubei Province was obtained from the official website of
local governments. Finally, the socio-economic develop-
ment variables used in this study were obtained from the
Statistical yearbooks of Hubei Province or 16 prefecture-
level cities in 2018 or 2019.
There were two reasons for choosing 16 prefecture-

level cities in Hubei Province as our research objects.
First, the COVID-19 was first reported in Wuhan, and
Wuhan has close economic ties with other prefecture-
level cities in Hubei Province. During the Spring Festival
in 2020, about 70.0% of the outflow population of Wu-
han directly flows into 16 other prefecture-level cities in
Hubei Province (see Appendix 1). Therefore, data on
confirmed COVID-19 cases in 16 prefecture-level cities
in Hubei Province were good materials for investigating
the primary infection (spread from Wuhan to other
areas) of COVID-19. Second, compared with the large
gap in natural conditions and social-economic develop-
ment among provinces in China, there was less hetero-
geneity among 16 prefecture-level cities in Hubei
Province in terms of the natural environment and social-
economic development, so they were more suitable for
the statistical analysis in this study.

Variables
Outcomes
The number of daily confirmed COVID-19 cases in
16 prefecture-level cities in Hubei Province (except
for Wuhan), the proportion of daily confirmed
COVID-19 cases in 16 prefecture-level cities in the
total daily cases in Hubei Province, and the diagnosis
rate of COVID-19 per 10,000 persons in 16
prefecture-level cities in Hubei Province were used
as our outcomes. More details can be seen in Figs. 1
and 2.

Explanatory variables
To reflect the population mobility from Wuhan to 16
other prefecture-level cities in Hubei Province, a specific
lag of proportion of the population moving from Wuhan
to each prefecture-level city in Hubei Province was used
as the first explanatory variable. We should consider the
period from contact to being confirmed (contact-infec-
tion-latency-onset-diagnosis), and this period will be
longer than the incubation period (3–7 days in most
cases).
The city lockdown was an important intervention or

policy to restrict population mobility after the outbreak
of the COVID-19 epidemic. In this study, the date of
lockdown in 16 prefecture-level cities (see Appendix 2)
was used to estimate the effect of lockdown on the
transmission of COVID-19. The differences in lockdown
policies among different cities were difficult to quantify,
so its potential impacts were not considered in this
study.

Fig. 1 Cumulative number of confirmed COVID-19 cases in 16 prefecture-level cities in Hubei Province from January 25th to February 6th, 2020
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Control variables
This study focused on the COVID-19 epidemic related to
population mobility from Wuhan to other prefecture-level
cities in Hubei Province (primary infection). Therefore,
some factors associated with secondary infection (e.g.,
community infection) need to be controlled for. Accord-
ingly, economic development, richness of health resources,
population density and distance to Wuhan were used as
our control variables. Per capita gross domestic product
(GDP) in 2018 was used to measure economic develop-
ment; the number of medical and health institutions’ beds
and healthcare workers per thousand persons in 2017
were used to measure health resources richness; the popu-
lation density of each prefecture-level city in 2018 was
used; distance to Wuhan was measured using the ranging
tool in the Baidu Map, and an average value of three mea-
surements was used to reduce potential measurement er-
rors. Details can be seen in Appendix 2.

Data analysis
In this study, descriptive analysis was used to display the
time series of confirmed COVID-19 cases from January
25th to February 6th in Hubei Province. The time series
line chart was also used to present daily confirmed cases
and analyze the influence of city lockdown on the trans-
mission of COVID-19; this strategy can also be called a
first derivative model, which is similar to the strategy
used in Chen and Yu’s study [14].
The random effects (RE) model was used to estimate

the impact of population mobility on the transmission of
COVID-19.3 Because the infection, incubation and diag-
nosis of COVID-19 will cost some time, the lag term of

population mobility was set as our explanatory variable.
It is reported that the incubation period of COVID-19 is
3–7 days, with a maximum of 14 days [23]. Considering
the duration from contact to being confirmed, a lag
period of 5–16 days was used. The estimated coefficient
and R-square value were reported to help determine the
best fitting model.
In this study, Microsoft Excel 2016 was used to draw

figures, the RE model was performed using Stata version
12.0 [24]. p < 0.05 was considered statistically significant.

Results
Descriptive analysis
Figure 1 shows that there had been 2141 confirmed
cases in Xiaogan and 1897 confirmed cases in Huang-
gang as of February 6th, 2020, these two cities had the
largest number of confirmed COVID-19 cases in Hubei
Province (except for Wuhan). Although the cumulative
confirmed cases in Huanggang ranked first before Feb-
ruary 4th, the growth rate of new daily confirmed cases
decreased significantly after February 2nd, so it retired
to the second place after February 5th. The total number
of confirmed cases in Xiangyang, Suizhou and Jingzhou
was almost the same, which had reached 800–900 as of
February 6th. Qianjiang and Shennongjia had the fewest
cumulative confirmed cases (less than 100 as of February
6th). Appendix 1 shows that the proportion of the inflow
population in 16 prefecture-level cities from Wuhan was
highly correlated with the number of confirmed cases,
reflecting a close association between mass population
mobility during Chunyun and the transmission of
COVID-19.
Figure 2 shows that Jingzhou had the highest cumula-

tive diagnosis rate of COVID-19 on February 6th
(8.21‱), followed by Suizhou (4.13‱), Xiaogan

Fig. 2 Cumulative diagnosis rate per 10,000 persons of COVID-19 in 16 prefecture-level cities in Hubei Province from January 25th to February 6th, 2020

3The result of Hausman test shows that the random effects model was
better than the fixed effect model.
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(3.83‱), Huanggang (3.00‱) and Xiantao (2.69‱) in
order; Enshi (0.46‱), Qianjiang (0.58‱) and Ezhou
(0.96‱) had low cumulative diagnosis rates of COVID-
19. It can be seen that the cumulative diagnosis rate of
COVID-19 in all 16 prefecture-level cities rose continu-
ously from January 25th to February 6th.

Population mobility and transmission of COVID-19
Table 1 shows that, without other covariates controlled
for, the R-square was the largest (0.332 in Panel A) when
the lag period was 12 days; with other covariates con-
trolled for, the R-square was still the largest (0.338 in
Panel B) when the lag period was 12 days. That is to say,
the COVID-19 was more likely to be confirmed within
12 days after people (had contact with COVID-19 cases)
left Wuhan for other prefecture-level cities in Hubei
Province. Thus, the duration from contact to being con-
firmed was mostly concentrated in 12 days, and every 1%
increase in the proportion of population mobility aver-
agely increased the proportion of confirmed COVID-19
cases by 1.395% (p < 0.001).
In Table 2, the outcome variable was changed from

the proportion of confirmed cases to the number of con-
firmed cases to perform a robustness analysis. Without
other covariates controlled for, the R-square was the lar-
gest (0.463 in Panel A) when the lag period was 12 days;
by contrast, with other covariates controlled for, the R-
square was the largest (0.487 in Panel B) when the lag
period was 11 days. Every 1% increase in the proportion
of population mobility averagely increased the number
of confirmed cases by 15.184 (p < 0.001). This also sug-
gests that the COVID-19 was more likely to be con-
firmed within 11–12 days after people left Wuhan for

other prefecture-level cities in Hubei Province, which
was almost in line with the results in Table 1.

Influence of lockdown on the transmission of COVID-19
Also, because Xiaogan, Huanggang, Suizhou, Jingzhou
and Xiangyang had the most cumulative confirmed cases
on February 6th, 2020, we used Fig. 3 to display the daily
confirmed COVID-19 cases in these five prefecture-level
cities from January 24th to February 6th, 2020. It can be
seen that the number of daily confirmed cases in Xiao-
gan sharply dropped for the first time on February 6th
in 2020, corresponding to the 12th day of its lockdown
(conducted at 0:00 on January 25th). The number of
daily confirmed cases in Huanggang decreased signifi-
cantly after February 2nd, corresponding to the 9th day
of its lockdown (conducted at 0:00 on January 24th).
The number of daily confirmed cases in Suizhou signifi-
cantly decreased on February 4th, corresponding to the
10th day of its lockdown (conducted at 0:00 on January
25th). The number of daily confirmed cases in Jingzhou
significantly decreased on February 3rd, corresponding
to the 10th day of its lockdown (conducted at 0:00 on
January 24th). The number of daily confirmed cases in
Xiangyang significantly decreased on February 5th, cor-
responding to the 9th day of its lockdown (conducted at
0:00 on January 27th). These results were generally con-
sistent with an 11–12 days lag period between popula-
tion mobility and the diagnosis of COVID-19 estimated
in Tables 1 and 2.
Figure 4 shows that the daily increase of diagnosis

rate per 10,000 persons in Jingzhou had continuously
declined since February 3rd, corresponding to the
10th day of its lockdown. The daily increase of

Table 1 Population mobility and proportion of confirmed COVID-19 cases: based on RE model

Panel A Panel B N

Coefficient 95%CI R-square Coefficient 95%CI R-square

Model 1: Lag 5 days 1.145*** 1.003–1.288 0.198 1.049*** 0.592–1.506 0.204 144

Model 2: Lag 6 days 1.175*** 1.021–1.329 0.221 1.206*** 0.788–1.624 0.227 160

Model 3: Lag 7 days 1.199*** 0.984–1.414 0.241 1.226*** 0.715–1.736 0.248 176

Model 4: Lag 8 days 1.220*** 1.021–1.419 0.257 1.210*** 0.813–1.606 0.264 192

Model 5: Lag 9 days 1.230*** 1.041–1.418 0.267 1.176*** 0.776–1.576 0.275 208

Model 6: Lag 10 days 1.283*** 1.123–1.444 0.294 1.263*** 0.888–1.638 0.301 224

Model 7: Lag 11 days 1.353*** 1.253–1.454 0.327 1.444*** 1.158–1.730 0.335 240

Model 8: Lag 12 days 1.354*** 1.200–1.508 0.332 1.395*** 0.989–1.801 0.338 256

Model 9: Lag 13 days 1.379*** 1.265–1.493 0.326 1.384*** 1.095–1.672 0.332 256

Model 10: Lag 14 days 1.430*** 1.291–1.568 0.330 1.478*** 1.144–1.812 0.336 256

Model 11: Lag 15 days 1.455*** 1.311–1.600 0.325 1.486*** 1.145–1.826 0.331 256

Model 12: Lag 16 days 1.468*** 1.304–1.633 0.321 1.478*** 1.089–1.867 0.327 256

Note: *p < 0.05, **p < 0.01, ***p < 0.001. CI: confidence interval. Robust standard error was used in the above models. No other covariate was controlled for in all
models in Panel A; spatial distance to Wuhan, per capita GDP, the number of medical and health institutions’ beds and healthcare workers per thousand persons,
and population density were controlled for in all models in Panel B
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diagnosis rate in Suizhou had steadily declined since
February 4th, corresponding to the 10th day of its
lockdown. The daily increase of diagnosis rate in
Xiaogan had significantly declined since February 6th,
corresponding to the 12th day of its lockdown. The
daily increase of diagnosis rate in Xiangyang had
begun to slowly decline since February 2nd, corre-
sponding to the 9th day of its lockdown. The daily
increase of diagnosis rate in Xiangyang had begun to
slowly decline since February 5th, corresponding to
the 9th day of its lockdown. These results were also
generally consistent with an 11–12 days lag period be-
tween population mobility and the diagnosis of
COVID-19 estimated in Tables 1 and 2.

Discussion
Based on the data from Hubei Province, this empir-
ical study comprehensively estimated the relationship
between population mobility and the transmission of
COVID-19. We found that there was a period of 11–
12 days from contact to being confirmed for most in-
fected COVID-19 cases in Hubei Province (except for
Wuhan). This was highly in line with the situation
that the daily increase in confirmed cases and diagno-
sis rate began to show significant declines within 9–
12 days after the lockdown of 16 prefecture-level cit-
ies. The mass population migration during the Spring
Festival in 2020 has motivated the transmission of
COVID-19, and the lockdown of Wuhan and other

Table 2 Population mobility and number of confirmed COVID-19 cases: based on RE model

Panel A Panel B N

Coefficient 95%CI R-square Coefficient 95%CI R-square

Model 1: Lag 5 days 4.192*** 3.871–4.512 0.329 4.418*** 2.676–6.160 0.351 144

Model 2: Lag 6 days 4.664*** 4.080–5.248 0.347 5.219*** 3.747–6.691 0.380 160

Model 3: Lag 7 days 5.758*** 4.277–7.239 0.356 6.274*** 4.252–8.296 0.397 176

Model 4: Lag 8 days 6.608*** 4.964–8.252 0.368 7.074*** 5.214–8.933 0.398 192

Model 5: Lag 9 days 7.510*** 6.281–8.739 0.385 8.609*** 6.416–10.802 0.412 208

Model 6: Lag 10 days 9.136*** 8.383–9.888 0.433 12.166*** 8.291–16.040 0.455 224

Model 7: Lag 11 days 10.600*** 9.592–11.608 0.451 15.184*** 9.591–20.777 0.487 240

Model 8: Lag 12 days 10.812*** 8.932–12.693 0.463 14.996*** 9.293–20.698 0.482 256

Model 9: Lag 13 days 11.005*** 9.367–12.643 0.460 15.113*** 10.035–20.190 0.480 256

Model 10: Lag 14 days 11.410*** 10.028–12.792 0.458 16.171*** 10.538–21.805 0.480 256

Model 11: Lag 15 days 11.584*** 10.005–13.164 0.449 16.626*** 9.724–23.527 0.472 256

Model 12: Lag 16 days 11.751*** 9.861–13.641 0.444 17.086*** 9.118–25.054 0.466 256

Note: *p < 0.05, **p < 0.01, ***p < 0.001. CI: confidence interval. Robust standard error was used in the above models. No other covariate was controlled for in all
models in Panel A; spatial distance to Wuhan, per capita GDP, the number of medical and health institutions’ beds and healthcare workers per thousand persons,
and population density were controlled for in all models in Panel B

Fig. 3 Daily confirmed cases of COVID-19 in 5 prefecture-level cities in Hubei Province from January 24th to February 6th, 2020
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cities in Hubei Province has effectively mitigated the
COVID-19 epidemic.
The duration from contact to being confirmed for

most COVID-19 cases in Hubei Province was reported
to be 11–12 days in this study, which far exceeds the re-
ported 3–7 days incubation period. This is highly in line
with the results from Chen and Yu’s as well as Kraemer
et al.’s studies (about 14 days) [12, 14]. It does not mean
that population mobility only has an exact lagging effect
(11–12 days) on COVID-19 transmission; by contrast, it
indicates the closest relationship between them, and
other time lags (e.g., lag-13 days) also matter but are not
the most important. Around 9–12 days after the lock-
down of 16 prefecture-level cities in Hubei Province (ex-
cept for Wuhan), the daily increase of confirmed
COVID-19 cases showed a significant decline. Some
prior studies indicate that the lockdown of Wuhan and
other areas was conductive to the control of the
COVID-19 epidemic [12, 15, 16]. Specific lockdown in-
terventions, such as travel restrictions and social distan-
cing, are mainly used to reduce population mobility and
can help mitigate the COVID-19 epidemic [25], so our
results support the opinion that population mobility is
closely related to the transmission of COVID-19 [12, 13,
26, 27].
It should be noted that this 11–12 days period should

not be simply considered as the incubation period, but
the duration from contact/infection to being confirmed.
Most COVID-19 cases in Hubei Province spend 11–12
days from contact/infection to being confirmed, and it
particularly reflects a long time from onset to being con-
firmed and low diagnostic efficiency. On the one hand,
Hubei Province faced a shortage of medical and health
resources when facing this major public health emer-
gency in the first 3 months of 2020. The number of

confirmed COVID-19 cases in Hubei Province had
exceeded 60,000 as at February 29th, which accounted
for more than 70% of the total confirmed cases in China.
This emergency is a challenge to the health service cap-
acity of Hubei Province. The Chinese central govern-
ment required other neighboring provinces to support
Hubei to control the COVID-19 epidemic as soon as
possible [28], and this intervention has achieved a good
result. On the other hand, in the first 2 months of 2020,
the production and supply of nucleic acid detection re-
agents were severely inadequate in Hubei Province,
which may have delayed the diagnosis of some COVID-
19 cases.
Nevertheless, this study also found some positive in-

formation. Most prefecture-level cities in Hubei Prov-
ince began to lock down on January 23rd, 24th or
25th, and some cities with severe epidemics in other
provinces (e.g., cities in Zhejiang, Henan, Guangdong,
and Anhui) also began to implement similar policies
in later January or early February to restrict popula-
tion mobility. According to the roughly estimated
turning point of the COVID-19 epidemic in Hubei
Province (9–12 days), a nationwide restriction on
population mobility can help block the transmission
of COVID-19. The fact is that, the turning point of
the COVID-19 epidemic in other provinces appeared
on around February 14th, which is 10–15 days after
their lockdown interventions. Because the lockdown
intervention is mainly used to reduce population mo-
bility, the fact that the turning point in most prov-
inces and cities emerged within 10–15 days after their
lockdown supports our results more or less. This re-
sult is also in line with the opinion that lockdown in-
terventions are most useful in the early and late
stages of COVID-19 outbreaks [12]. Furthermore, our

Fig. 4 Daily diagnosis rate of COVID-19 per 10,000 persons in 5 prefecture-level cities in Hubei Province from January 24th to February 6th, 2020
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findings also support or justify the national policy of
requiring a 14-day quarantine before work can
resume.
There are also some limitations to this study. First, we

have no access to the data on the number of persons
that traveled from Wuhan to other prefecture-level cities

in Hubei Province, so it is hard for us to exactly predict
the size of the COVID-19 epidemic, and we only yielded
the best fitting lag length of 11–12 days and concluded
that the city lockdown in Hubei could help control the
epidemic. Second, the daily confirmed COVID-19 cases
reflect the cases detected rather than the cases infected,

Appendix 1
Table 3 Proportion of population moving from Wuhan to 16 prefecture-level cities in Hubei Province (%)

Cities Date

1.6 1.7 1.8 1.9 1.10 1.11 1.12 1.13 1.14 1.15

Huangshi 3.71 3.70 3.57 3.43 3.42 3.81 3.74 3.70 3.69 3.68

Shiyan 1.98 2.04 1.87 1.89 2.02 1.85 1.88 1.76 1.65 1.60

Xiangyang 4.04 4.28 4.32 4.15 4.12 3.92 3.66 3.72 3.68 3.44

Yichang 2.75 2.89 2.85 2.77 3.08 3.24 2.76 2.76 2.43 2.35

Jingzhou 5.52 5.83 5.95 5.81 5.74 5.91 5.74 5.80 5.84 6.03

Jingmen 2.63 2.74 2.76 2.70 2.85 2.95 2.72 2.76 2.73 2.82

Ezhou 5.23 4.60 4.06 3.93 4.12 4.53 4.83 4.77 4.36 4.10

Xiaogan 11.04 10.68 10.41 10.99 10.94 13.00 13.47 12.04 12.61 13.14

Huanggang 10.92 10.81 10.77 11.02 10.52 11.75 11.19 11.39 12.55 13.30

Xianning 5.06 4.74 4.95 4.66 5.22 5.95 5.32 4.94 4.97 5.10

Suizhou 2.55 2.55 2.59 2.65 2.52 2.71 2.65 2.67 2.68 2.82

Enshi 1.94 2.03 2.11 2.29 2.12 1.92 2.11 1.83 1.89 1.79

Xiantao 2.30 2.31 2.29 2.33 2.38 2.81 2.80 2.66 2.59 2.88

Tianmen 1.43 1.59 1.60 1.54 1.47 1.76 2.01 1.77 1.95 1.97

Qianjiang 1.07 1.16 1.08 1.18 1.10 1.14 1.28 1.18 1.04 1.01

Shengnongjia 0.00 0.00 0.00 0.00 0.00 0.11 0.12 0.00 0.00 0.00

Total 62.33 62.13 61.38 61.52 61.81 67.43 66.38 63.90 64.80 66.20

Cities Date

1.16 1.17 1.18 1.19 1.20 1.21 1.22 1.23 1.24 1.25

Huangshi 3.84 3.94 4.21 3.75 3.70 3.74 3.86 3.76 3.36 3.42

Shiyan 1.50 1.56 1.65 1.84 1.97 2.00 2.06 2.14 1.96 2.00

Xiangyang 3.44 3.58 3.63 3.81 4.08 4.44 4.50 4.24 3.20 3.41

Yichang 2.48 2.50 2.54 2.69 2.95 3.05 3.18 2.88 2.26 2.79

Jingzhou 6.00 5.93 6.29 6.93 7.29 7.17 7.65 7.31 6.04 5.87

Jingmen 2.81 2.75 2.96 3.31 3.59 3.76 4.19 4.07 3.43 3.32

Ezhou 4.04 4.23 4.39 3.91 3.53 3.28 3.28 3.59 3.99 4.17

Xiaogan 12.57 12.56 13.14 14.47 14.24 13.87 14.56 16.91 17.67 17.01

Huanggang 13.35 14.21 14.87 12.28 12.45 13.50 14.08 14.12 14.58 15.93

Xianning 4.96 5.07 5.14 4.95 4.75 4.77 4.74 4.90 4.48 4.74

Suizhou 2.89 2.98 3.11 3.21 3.38 3.54 3.79 4.15 3.72 3.11

Enshi 1.80 1.74 1.80 1.74 1.87 1.83 1.76 1.54 1.60 2.39

Xiantao 2.80 2.76 2.91 3.07 3.11 3.23 3.30 3.34 3.19 3.38

Tianmen 2.07 1.95 2.10 2.33 2.43 2.28 2.34 2.25 1.94 2.00

Qianjiang 1.03 1.02 1.03 1.04 1.17 1.19 1.35 1.25 0.92 0.90

Shengnongjia 0.10 0.00 0.00 0.10 0.00 0.10 0.00 0.00 0.00 0.00

Total 65.75 66.96 69.96 69.50 70.67 71.48 74.77 76.57 72.46 74.56

Data source: Baidu Migration Big Data Website
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so there may be measuring errors because not every
COVID-19 case can be immediately confirmed. In this
case, the influence of population mobility on the
COVID-19 epidemic may be underestimated. Finally,
many other factors were not considered in this study
when analyzing the impact of city lockdown. For ex-
ample, the COVID-19’s prevention and control measures
in many regions have been gradually upgraded, which
also greatly promotes the arrival of the turning point of
the epidemic. However, the sample size of this study was
relatively small, the statistical power was moderate, and
some confounding factors were hard to control. There-
fore, although the results from the RE model (11–12
days) and the first derivative model (9–12 days) are simi-
lar, the judgment of the turning point of the epidemic
only has moderate reference value and should be treated
with caution.

Conclusions
This study investigated the influence of population mobil-
ity on the transmission of COVID-19. We found that the
COVID-19 was more likely to be confirmed within 11–12
days after people moved from Wuhan to other cities in
Hubei Province, which suggests a period of 11–12 days
from contact to being confirmed. Also, the daily con-
firmed cases and daily increment in incidence in 16
prefecture-level cities show obvious declines 9–12 days
post adaptation of city lockdown. Population mobility is
found to be a driver to the transmission of COVID-19,
and the city lockdown started from January in Hubei
Province has effectively mitigated the COVID-19 epi-
demic. Thus, strategies such as social distancing and travel

restrictions, as well as quarantine no less than 12 days,
should be encouraged to fight the COVID-19 pandemic.

Acknowledgements
We would like to thank the help with language checking from Jiang Song,
lecturer in School of Economics & Management, Nanjing Tech University. We
are also grateful to the anonymous reviewers for their valuable comments
and suggestions.

Authors’ contributions
Jiang designed the study; Luo collected the data; Jiang & Luo both wrote,
revised and reviewed the manuscript. The author(s) read and approved the
final manuscript.

Funding
This study received no funding.

Availability of data and materials
No additional data are available.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1School of Health Sciences, Wuhan University, No.115 Donghu Road, Wuhan
430071, China. 2Center for Evidence-based and Translational Medicine,
Zhongnan Hospital of Wuhan University, Wuhan, China. 3Department of
Evidence-Based Medicine and Clinical Epidemiology, the Second Clinical
College of Wuhan University, Wuhan, China.

Appendix 2
Table 4 Basic information of 16 prefecture-level cities in Hubei Province

GDP per capita (10,
000 CNY)

Distance to
Wuhan (km)

Population density
(persons/km2)

Number of beds (per
1000 persons)

Number of doctors (per
1000 persons)

Date of
lockdown

Ezhou 9.33 60.3 676.1 5.64 4.94 1.23

Qianjiang 7.82 137.7 482.0 4.16 4.61 1.23

Xiantao 7.02 88.1 449.2 4.65 4.78 1.23

Enshi 2.58 463.6 140.1 7.14 5.49 1.24

Huanggang 3.22 53.6 362.7 5.67 4.36 1.24

Huangshi 6.42 82.6 539.1 6.37 6.28 1.24

Jingmen 6.38 208.8 234.7 5.81 5.29 1.24

Jingzhou 3.72 201.2 396.4 5.38 4.68 1.24

Xianning 5.36 83.0 253.7 4.74 4.71 1.24

Tianmen 4.65 110.0 485.2 4.72 4.32 1.24

Suizhou 4.56 151.4 230.0 4.45 3.92 1.25

Xiaogan 3.89 49.7 552.2 4.64 3.72 1.25

Xiangyang 7.60 261.6 286.7 6.46 5.23 1.27

Shengnongjia 3.73 367.8 23.6 6.34 5.63 –

Note: CNY Chinese Yuan; km kilometer. Shengnongjia has not been locked down during this epidemic
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