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Emerging and reemerging pathogens constitute a global challenge for public health (Gao, 2018). Given their high prevalence
and wide distribution, novel coronaviruses are likely to emerge at
various intervals (Cui et al., 2019). The recent threat of the novel
coronavirus SARS-CoV-2, the cause of the disease COVID-19,
was first noted in late December 2019 in Wuhan, the capital of
Hubei Province, the People’s Republic of China (Zhou et al.,
2020). In January 2020, the virus spread to other parts of Hubei
Province and then to other Chinese provinces. On January 23rd
2020, two days before the Chinese New Year, Wuhan was locked
down and enforced a first-level public health emergency response
that included banning travel from/to other cities, closing all nonessential public places, and executing a “stay-at-home” order. On
the same day, the Yangtze River Delta (YRD) region implemented
similar control measures, and within the next few days, most
provinces/municipalities in mainland China were also locked
down. As COVID-19 spreads rapidly in time and broadly across
space, it is important to delineate its temporal and spatial distribution trends and find effective measures for local prevention and
control.
The YRD region played an important role in the further spread
of the new coronavirus as it has high population mobility and
strong international ties based on being one of the six largest urban
agglomerations in the world (National Development and Reform
Commission, 2010). In the context of the current global COVID19 outbreak, the YRD region is a good case study for examining
the spatiotemporal dissemination patterns, especially for regions
with high inter-city, inter-regional, and international connections.
These regions are challenged by both imported cases and local
dissemination. The management and control experience in the
YRD region can be used as a reference for other mega-urbanized
regions in the world.
This study was initiated to i) explore the spatiotemporal patterns of the COVID-19 dissemination; and ii) estimate its temporal trend in the YRD. We examine the daily number of new cases
in the region to describe the spatial spread of the virus spread,
apply spatial autocorrelation to find irregularities in COVID-19
distribution, and estimate polynomial regression analysis to
describe the temporal trend under the strict control measures.
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An outbreak of atypical pneumonia, now called COVID-19 and
known to be caused by the novel coronavirus SARS-CoV-2, first
detected in Wuhan, Hubei Province of the People’s Republic of
China in December 2019 and afterwards rapidly spread worldwide.
Wuhan and the Yangtze River Delta (YRD) region implemented
first-level public health emergency responses to stop the spread of
the virus on January 23rd, 2020. We tracked the geographical gravity
centre of the disease and calculated spatial autocorrelation to explore
the spatiotemporal patterns of distribution of imported and locally
disseminated COVID-19 cases under the emergency-response control measure. We also applied polynomial regression analysis to estimate the trend of the COVID-19 in the YRD region before and after
the control activities against the spread of the infection were instituted. The results show that the control measures applied have been
effective. And, in the YRD region, areas with a large influx of population flow from Wuhan and Hubei Province had high risks of
COVID-19. Therefore, identification of the spatiotemporal trends
should be the first step when developing effective policies to manage
and control any new epidemic. The results are not only informative
locally but also useful for the rest of the world.
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Literature review

Existing studies of infections mainly deal with pathogenesis,
diagnostics and treatment, pandemics surveillance, prevention,
control strategies research and development of drugs and vaccines
(Ross et al., 1976; Chowell et al., 2003; Oparil et al., 2003; Ecker
et al., 2005; Ginsberg et al., 2007; Hilgenfeld et al., 2013; Di et
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ies have insufficient time to collect data. Second, existing studies
tend to use large geographic units, such as prefectural cities for the
study of intra-city spatial variation. Findings based on such large
units might lack spatial accuracy and thus have limited policy
implications for spatially targeted control measures.

Materials and Methods
Data source

Study area
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The number and location of COVID-19 cases from January 20th
to March 10th, 2020 were collected from the China CDC. The data
cover all prefectural cities, including its counties and urban districts,
in the YRD region (Figure 1). By the end of our study period, March
10th, COVID-19 appeared to be under control in the YRD as most
counties/districts had no new cases for at least one week. We extracted the dates of confirmation for all cases, separated them into
imported cases with a history of living/traveling in Hubei Province
and locally disseminated cases without such a history.
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Based on the “Regional Development Plan of the Yangtze
River Delta” issued by the State Council in June 2010, the YRD
region contains three sub-regions: Shanghai Municipality, Jiangsu
Province, and Zhejiang Province. In addition to Shanghai, there are
24 prefecture-level cities and 133 counties/districts in the YRD
region. The counties/districts are the spatial base unit of the analysis (Figure 1).
The study area is roughly grouped into eight areas with
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al., 2013; Wong et al., 2015), with few papers examining spatiotemporal patterns of the spread of infectious agents. Identifying
geographical differences in disease prevalence and understanding
the spread of diseases over time are crucial starting points for epidemiology as noted by Doll (2008) early on. As spatiotemporal
analysis results can be instrumental in developing regional or local
prevention and control measures, it is important to conduct such
analyses also in the fight against COVID-19.
Spatial analysis is crucial when investigating the spread of
infections. Already, in 1854, John Snow drew a map of London’s
Soho district, revealing that cholera was caused by water pollution
and not airborne as was previously speculated (Brody et al., 2000).
With the progress of science and technology, Geographic
Information Systems (GIS) have emerged, proving a new tool for
understanding effective control of the distribution of infectious
diseases, e.g., for the identification of spatiotemporal patterns of
pandemics to inform response measures against these pandemics
(Comber et al., 2001; Reinhardt et al., 2008). Sanson et al. (1991)
used GIS to improve the control management of the foot-andmouth disease in New Zealand in 1991, while Gibbens et al.
(2002) showed how the foot-and-mouth disease had spread
throughout the country. In 2003, the National SARS Pandemics
Control and Early Warning Geographic Information System developed by the Chinese National Center for Disease Control and
Prevention (China CDC) played an important role in managing,
analyzing and controlling the then new Severe Acute Respiratory
Syndrome (SARS) (Liang et al., 2004). More recently, Forna et al.
(2020) detected spatiotemporal heterogeneity of the Case Fatality
Rate (CFR) of Ebola in West Africa.
Despite the short time since its emergence, many studies on
COVID-19 have already been published, most of them focusing on
the evolution of the virus and its health impacts. In January 2020,
Zhu et al. (2020) announced the outbreak of pneumonia of an
unknown cause in Wuhan, China, while Wu et al. (2020) soon after
estimated the number of cases based on the number of cases
exported and also assessed the extent of domestic and global public health risks. Backer et. al. (2020) estimated the average incubation period of COVID-19 by using reported travel histories and the
dates that patients showed symptoms. Gu et al. (2020), using polynomial regression analysis, inferred that the inflection point of
COVID-19 may have been passed by March 2020.
Generally, COVID-19 cases are distributed unevenly, and possible reasons include spatial proximity, city size, and environmental factors (Rivas et al., 2020; Kamel et al., 2020; Poirier et al.,
2020). In January 2020, examining the spatiotemporal characteristics of COVID-19 cases, Miao et al. (2020) at the Collaborative
Innovation Center of Yellow River Civilization pointed out that the
three cities, Xinyang, Zhumadian, and Nanyang, in Henan
Province closest to Wuhan had the highest risk. Liu et al. (2020)
suggested that medium-sized cities may have higher COVID-19
risks than large or small cities since large cities have abundant
health services and small cities have limited population flow, while
medium-size cites are caught in the middle. Liu et al. (2020) estimated that at least 51.3% of the population who left Wuhan to
nearby prefecture-level cities traveled to rural areas, suggesting
that control and prevention of COVID-19 should also pay attention
to those areas. Although studies on the COVID-19 have added to
our knowledge of this disease, few studies have examined the spatiotemporal distribution of COVID-19 cases. The limited number
of studies do not provide sufficient information. First, they rely on
data within a short period of time, which is expected as early stud[page 26]

Figure. 1 Study area.
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Shanghai as the core city. The province of Jiangsu is separated into
three areas: northern, central, and southern Jiangsu. The latter
includes the city of Nanjing, the provincial capital. Similarly, the
province of Zhejiang is separated into four areas: northern, central,
southern, and eastern Zhejiang. Northern Zhejiang includes the
city of Hangzhou, the provincial capital. Southern Zhejiang
includes the city of Wenzhou, which is famous for its business
entrepreneurship; importantly, many Wenzhou business persons
work in Hubei province, and both Hangzhou and Wenzhou have a
lot of economic connections with Wuhan and Hubei Province as a
whole. According to data from the National Bureau of Statistics of
China, the YRD region covers an area of 210,700 km2, 2.2% of the
total area of the country. In 2019, the region had a total population
of 160 million and a total GDP of USD 2.86 trillion, accounting for
11.4% and 20.0% of the Chinese total, respectively (National
Development and Reform Commission, 2010). We chose the YRD
region as the study area due to its economic conditions and its high
connectivity with other regions. The total GDP of the YRD region
is similar to that of the United Kingdom (USD 2.83 trillion),
France (USD 2.71 trillion), Italy (USD 2 trillion), and California
(USD 3.1 trillion) (National Bureau of Statistics of China, 2020).
Like these European countries and American states, the YRD has
a very high inter-city/regional/national connectivity and can therefore be seen as a template.
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(Eq.4)

where Il is the local Moran’s I score of county/district l. All the other
notations are the same as in the previous equations. Il can indicate
four situations: i) a high case number of county/district l is associated with high numbers in the surrounding counties/districts (HighHigh); ii) a low case number of county/district l is associated with
low numbers in the surrounding counties/districts (Low-Low); iii) a
high number of cases in county/district l is associated with low numbers in the surrounding counties/districts (High-Low); and iv) a low
number of cases in county/district l is associated with high numbers
in the surrounding counties/districts (Low-High). The first two situations are expected, and the last two situations denote spatial irregularities that need further examination.
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We imported the collected COVID-19 case data into ESRI
shapefiles (ESRI, Redlands, CA, USA) and used these shapefiles
for the following spatiotemporal analyses:

where mi represents the number of cumulative confirmed cases in
– the average number of cumulative confirmed
county/district i; m
cases in all 133 counties/districts, and wij the weight matrix.
For Moran’s I, the standardized statistic Z can be used to
decide whether the spatial autocorrelation is statistically significant or not. E(I) and VAR(I) are the theoretical mean and variance
of Moran’s I scores. If Z is between -1.96 and 1.96, the spatial correlation in the number of cases is not significant at the p=0.05
level. However, when the absolute value of Z is greater than 1.96,
there is a statistically significant spatial correlation.
Calculation of the local Moran’s I statistics is done by the following formula:
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Spatial Statistical Analysis

(Eq.3)
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Geographic centre

(Eq.1)
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The first method to describe the temporal and spatial dynamics
of COVID-19 distribution is to calculate the gravity center of daily
new cases according to Chen (2015) using the following formula:

where Xt and Yt are the geographical abscissa and ordinate of newly
added cases on the date t with i denoting county/district i and n the
total number of counties/districts (n=133). Xi and Yi are the longitude and latitude of county/district i and Zit the number of newly
added cases in county/district i on the date t.
Spatial autocorrelation

To analyze the spatial correlation in the distribution of
COVID-19 cases, we used global and local Moran’s I statistics
(Basu et al., 1998). The expression of the global Moran’s I statistic
is:
(Eq.2)

Polynomial Regression

Polynomial regression analysis, between a dependent variable
and a series of k-th degrees of one or more independent variables
(Max et al., 1976), is appropriate in predicting the trend of development. Gu et al. (2020) showed that polynomial regressions,
including quadratic, cubic, quartic, or exponential functions, can
satisfyingly estimate the temporal trends of daily confirmed cases.
The unary k-th degrees polynomial regression equation is as follows:
(Eq.5)

where yx is the number of newly added cases on day x, while b0 b1,
b2…bk are constant terms and x the number of days in the study
period.

Results

The results show that the control measures are generally effective: the number of imported cases declined one week after the
lockdown of Wuhan, and the number of locally disseminated cases
declined after another week. The few areas with the highest num-
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Spatial distribution of COVID-19 cases
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Spatial analysis shows that the places with the highest risk
are those with high population inflow from Wuhan and Hubei
Province. Figures 4 a-c show the distribution of COVID-19 cases
by March 10th in the YRD. Figure 4a displays the total number of
confirmed cases. The counties/districts with high concentrations
of confirmed cases are in Shanghai, southern Jiangsu, northern
and southern Zhejiang, which have good railway connections to
Wuhan and other cities in Hubei Province.
Figure 4b shows the spatial distribution of imported cases. In
addition to Shanghai, which is expected to have many imported
cases as the hub for population flows, some counties/districts in
northern and southern Zhejiang also showed high numbers of
imported cases greater than 30, suggesting that these areas suffered from the inflow of people carrying the virus. We speculate
the reason is that a large number of business persons from
Wenzhou, the centre of southern Zhejiang, own and do business
in Hubei, and they returned to Wenzhou carrying the virus, during the Chinese New Year holiday (Kai, 2020). As a result,
Hangzhou, the provincial capital and transportation hub of
Zhejiang Province, was also affected by the inflow of travelers
from Hubei who needed to make transfers to go to other cities in
Zhejiang.
Figure 4c shows the number of locally disseminated cases. As
expected, Shanghai, Northern Zhejiang, and Southern Zhejiang,
with high numbers of imported cases, also had high numbers of
locally disseminated cases. Meanwhile, some counties/districts
in southern Jiangsu, including the provincial capital of Nanjing,
had relatively large numbers of disseminated cases although
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The number of new COVID-19 cases in the YRD region
passed its peak at the time of completing this study on March
10th. The daily new cases in Shanghai, Jiangsu Province, and
Zhejiang Province rapidly declined and stayed at zero after
March 3rd, indicating that the control measures in this region had
achieved plausible results.
Figure 2 shows changes in the total number of cases and in
the number of daily new cases in the YRD region between
January 20th and March 10th, 2020. The daily new cases in the
YRD region peaked on January 29th (183 cases) and decreased
afterwards, except lower rebounds on February 3rd and February
20th. The number of new cases since February 21th was fewer than
10 per day.
Figure 3 displays the numbers of imported and locally disseminated cases per million resident population in the YRD
region. The trend is similar to that observed in Figure 2. Figure 3
shows that Zhejiang generally had a higher number of cases
(including imported and disseminated) than Shanghai and
Jiangsu. The number of cases per million population was below
0.8 in Shanghai and Jiangsu, while the number in Zhejiang nearly
doubled that during most of the study period. In addition, the
number of imported cases in the whole YRD region had been
zero or close to zero since February 15th, and the number of disseminated cases had begun to converge to zero with a few small
rebounds. The plausible results reflect the effectiveness of strict
and swift control measures in the YRD.
The temporal changes displayed in Figure 3 also illustrate the
time it takes for the control measures to take effect. The rapid
spread of COVID-19 was curbed within four weeks after the control measures were instituted in Wuhan and the YRD on January
23rd. Specifically, after Wuhan was locked down, it took about 7
days (to January 30th) to reach the peak of imported cases in the

se

The number of COVID-19 cases

YRD. Local dissemination of COVID-19 continued, though. In
another week, the number of locally disseminated cases reached
its peak and then declined in Shanghai and Zhejiang. Jiangsu did
not show a noticeable peak in the number of disseminated cases.
In a total of four weeks, the imported and disseminated cases
were under control in the YRD.
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ber of COVID-19 cases are those with a large influx of population
from Wuhan or other parts of Hubei Province.

Figure 2. Changes in the total number of cases and daily new
cases in the YRD region.
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Figure 3. The number of imported and disseminated cases per
million resident population in the YRD region.
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without high numbers of imported cases, suggesting uncertain
local risks even when the imported cases are few.
Figure 5 shows the change in the geographical center of gravity of the daily new cases, estimated based on Equation 1. The
centre of daily new cases was initially in the southern part of the
YRD, that is, Central Zhejiang, the places that suffered from
imported cases in the first 20 days of February, the gravity center
gradually shifted northwest. During that time, an increasing number of new cases started to emerge in Jiangsu while the number
declined in Zhejiang. The analysis based on Figures 3 and 4 suggests that some places in Jiangsu had a relatively greater number

of disseminated cases, which occurred after the waves of imported cases. However, since February 20th, the number of daily new
cases in the YRD had been very few, and thus the geographical
gravity center was significantly affected by the sporadic locations
of new cases. Since then, no specific spatiotemporal clusters of
new cases can be detected.

Spatial autocorrelation analysis of COVID-19 cases
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COVID-19 cases have a high spatial autocorrelation. Based on
the total number of cases, we calculated the global Moran’s I and
Z Scores, which equal 0.14 and 2.33, respectively. In other words,

Figure 4. Distribution of COVID-19 cases.
[Geospatial Health 2020; 15:889]
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The start time of the gravity center analysis was January 23rd, when
all three sub-regions started to have cases. We report the gravity center every other day to produce a legible figure. After February 20th,
there were few cases, and thus we estimate the gravity center on the
days with newly confirmed cases. Between March 4th and 10th, there
were no new cases.
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Figure 5. Changes of geographical gravity center of confirmed
cases from January 23rd to March 4th, 2020.
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the total number of COVID-19 cases in the YRD had an expected
spatial correlation: the numbers of cases in proximate
countries/districts are positively correlated.
Figure 6 shows local spatial correlation scores: Il based on
equation 4. The scores indicate whether the numbers of cases in
individual counties/districts correlate with the numbers in surrounding counties/districts. Eight countries/districts have statistically significant local spatial correlation scores, including six
counties in a high-high cluster (the red cluster of Wenzhou), one
county as a low-high outlier (light green district of Yuhuan County
in the red cluster of Wenzhou), and one as a high-low outlier (the
blue outlier of Hangzhou). The observations suggest spatial irregularities in COVID-19 distribution that require further exploration.
The high-high cluster includes counties/districts in and surrounding Wenzhou, which is unique with a high number of business persons who operate or own businesses in Wuhan. Based on
the data from Wuhan-Wenzhou Chamber of Commerce, 180,000
Wenzhou business persons work in Wuhan, and about 20,000 of
them returned to Wenzhou during the Chinese New Year holiday
(Wuhan-Wenzhou Chamber of Commerce, 2020). Additionally, a
large number of migrant workers from Hubei Province work in
Wenzhou, and their family members, about 330,000 of them, left
Hubei province before the lockdown and joined in Wenzhou during the Chinese New Year (Tong et al., 2020). The strong economic connection between Wuhan/Hubei and Wenzhou yielded in a
large number of COVID-19 cases in Wenzhou, 504 cases, accounting for 24.3% and 41.5% of all cases in the YRD region and in
Zhejiang Province, respectively.
Yuhuan County, the low-high outlier, was the only county with
few cases although surrounded by the outbreak in Wenzhou.
Located in a corner of the high-high cluster, Yuhuan cut off traffic
from the surrounding areas uncompromisingly and prohibit people
from traveling in and out. These strict control measures and the
unique geographic location can explain the relatively small number of confirmed cases in Yuhuan.
The blue outlier of Hangzhou suggests a relatively high number of cases in the city, although surrounded by counties/districts
of low case numbers. The reasons could be Hangzhou’s provincial
capital position as well as some unique events that affected the
number of cases. Many travelers in and out of Zhejiang needed to
transfer in Hangzhou. Additionally, according to the official notice
of Zhejiang Health Commission, Hangzhou accepted several international flights that carried Hubei residents who traveled overseas
but could not return to Hubei due to the strict travel ban. After the
flights landed in Hangzhou, travelers with COVID-19 symptoms
were immediately hospitalized. Residents of Wuhan were quarantined at Hangzhou airport hotels, and residents of other cities were
placed under medical observation in Hangzhou for 14 days. As a
result, Hangzhou had a high number of imported cases (63 cases)
and consequently a high number of locally disseminated cases as
well (91 cases), but the surrounding areas were not directly affected by the inflow of people.

Trend analysis of COVID-19 cases

We conducted a trend analysis for the YRD region and its three
sub-regions and report the polynomial regressions that estimate the
number of daily new cases in Figure 7. We observed the following:
i) The quartic functions had the best model fit, with R2 greater than
0.80, except for Zhejiang Province. ii) The inflection point had
appeared in the YRD. For the whole region and Zhejiang Province,
the inflection point occurred on February 3rd, 2020, and for
[page 30]

Figure 6. Local spatial autocorrelation (LISA) of the total number of confirmed cased in the YRD region.
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Shanghai and Jiangsu Province, the inflection occurred on
February 4th and February 6th, respectively. iii) The pandemic has
been under control since February 21th, although fluctuations
might still occur.
Our study has a few limitations. First, the research does not
consider demographic profiles of COVID-19 patients or spatial
characteristics of the places with high numbers of cases. Second,
imported cases to China from other countries since March 2020 are
not taken into consideration. Future studies should continue these
important research areas.

Conclusions

The analysis demonstrates that strict control measures effectively control the spread of the SARS-CoV-2 virus. However, even
this good situation can be overwhelmed if the rapid development
of the pandemic in other countries continues since the YRD region
is one of the most open and mobile regions in China.
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YRD region) to analyze the spatiotemporal patterns and the temporal trend of COVID-19. The results are valuable for the formulation of targeted control measures based on relatively small geographic units over a period of a complete cycle.
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Wuhan and the whole of China implemented strict control measures. The spatiotemporal distribution of the total number of cases
varied significantly at the county/district level. Since COVID-19 is
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flow from Wuhan or Hubei Province as a whole tended to be significantly affected. Since northern and southern Zhejiang Province
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with Hubei Province, especially Wuhan, these connections were
the reason for the early great number of cases in those areas.
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