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Abstract 
Currently, the outbreak of COVID-19 is rapidly spreading especially in Wuhan city, and threatens 14 million people in central China. In the 
present study we applied the Moran index, a strong statistical tool, to the spatial panel to show that COVID-19 infection is spatially dependent 
and mainly spread from Hubei Province in Central China to neighbouring areas. Logistic model was employed according to the trend of 
available data, which shows the difference between Hubei Province and outside of it. We also calculated the reproduction number R0 for the 
range of [2.23, 2.51] via SEIR model. The measures to reduce or prevent the virus spread should be implemented, and we expect our data-
driven modeling analysis providing some insights to identify and prepare for the future virus control. 
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Introduction 

The new type of pneumonia, which started in 
Wuhan, Hubei Province, China in December 2019, has 
infected 114,350 cases and killed 4,023 in 107 
countries/regions (by 12:56pm on March 10, 2020) [1]. 
The virus causing the pneumonia has been named new 
coronavirus 2019 (2019-ncov), and renamed as 
COVID-19 based on a tweet by the World Health 
Organization (WHO) sent on February 11 [2]. Being 
highly contagious, it leads to tens of thousands of cases 
and caused great panic worldwide. Even if some control 
measures have been taken across China, such as home 
quarantine, wearing masks, and so on, the number of 
confirmed cases still showed a continuous increasing 
trend. Much remains unclear and to be investigated at 
this stage. 

While many doctors and nurses were fighting the 
uphill battle in the frontline, scientific researchers from 
various fields also played an important role in 
conducting research on Virus prevention, transmission 
mechanisms and drug treatment and development [3-
11]. Rapid spread also caused a heavy psychological 
impact on the public [12], 98.54% of respondents 
expressed great fear due to high contagiousness 

(64.71%) and lack of effective treatment (19.92%) [13]. 
Mathematical and statistical analysis are also employed 
for containment strategies, representing a great 
challenge to the modelers as huge numbers of infected 
patients caused a lack of clinical resources and limited 
data, especially at the center of the infectious district 
[14,15]. 

In this report we updated the data sequence and 
provided an analysis of real-time data from the websites 
of People's Daily, CCTV news, Hubei Daily and Lilac 
Garden to describe the spatial correlation, transmission 
model and dynamics characteristics. We applied the 
Moran index a strong statistical tool to a spatial panel, 
and we found that COVID-19 infections are spatially 
dependent and mainly spread from Hubei Province in 
Central China to neighboring areas. The cumulative 
curves of infection cases are employed for more stable 
and reliable prediction via Logistic model as the short 
time-series is affected by irregularities and reporting 
lags. Two or more secondary cases generated by an 
index case under the condition of not considering the 
“super spreaders”, which urges the Chinese people to 
continue to work hard to control the virus and reduce 
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the basic regeneration number to below 1 as soon as 
possible. 

 
Model, methods and data 
Spatial dependent structure 

Attribute values of adjacent region units are often 
characterized by Moran index. Suppose the variable x 
is the attribute value of the region, the global Moran 
index “I” can be expressed as (1) 
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Where s2 =  1

n
∑ (xii − x)2，x = 1

n
∑ xin
i=1  , and 

wij  is the weight matrix of spatial dependence to 
describe the correlation between the explained variables 
of section i and section j. It is evident that the range of 
Moran index is [-1, 1], and value zero means no 
correlation between two parts. There are two general 
descriptions for the spatial weight matrix: one is the 
matrix based on geographical distance, where 𝑤𝑤𝑖𝑖𝑖𝑖 
means the physical distance between i and j district; 
another one is a simple binary adjacency matrix, whose 
elements in row i and column j can be expressed as: 

𝑊𝑊𝑖𝑖𝑖𝑖 = �1 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 i and j are connected
0 others 

  (2) 
 

Logistic regression model 
Logistic function or Logistic curve is a kind of s-

shaped function, which is namely an ordinary 
differential equation as shown in (3).  

dP
dt

= rP(1 − P
k

)     (3) 
where P means the probability of personal 

infection; r means the increasing rate of cases, which 
measures the speed of curve change, and t means the 
time span. The solution of above differential equation 
is shown in (4). 

P(t) =  KP0ert

K+P0(ert−1)
     (4) 

where P0 is the initial value of P， K is the 
maximum capacity of the environment. 

 
SEIR model 

The SEIR model has been used to predict the virus's 
rate of spread since the new pneumonia outbreak at the 
end of 2019. If an individual in an infected state (I) 
contacts an individual in a susceptible state (S), then the 
probability of the susceptible individual being infected 

is β; Individuals in the incubation period (E) become 
infected with probability 𝛾𝛾1 in unit time (day) (I); An 
individual in an infected state (I) is converted to a cured 
state (R) with probability 𝛾𝛾2 per unit time (day). Then 
the transmission process of COVID-19 can be 
described by the following differential equations: 
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⎨

⎪
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dS(t)
dt = −βS(t)I(t)

N  
dE(t)
dt = βS(t)I(t)

N − γ1E(t) 
dI(t)
dt = γ1E(t)− γ2I(t) 

dR(t)
dt = γ2I(t) 

    (5) 

 
where S(t), E(t), I(t) and R(t) represent the number 

of individuals in susceptible, latent, infected and 
recovered states at time t respectively, and N represents 
the total number of individuals, N = S(t)+E(t)+I(t)+R(t). 
The basic regeneration number can be expressed as:  

 R0 = �1 + λ
γ1
� + �1 + λ

γ2
�    (6) 

where λ = ln (Yt)
t

 refers to the increasing rate during 

early exponential growth ， Yt  is the number of 
infections with symptoms as of time t. Incubation and 
infection period is expressed as 𝑇𝑇𝐸𝐸 =  1

𝛾𝛾1
 and 𝑇𝑇𝐼𝐼 =  1

𝛾𝛾2
, 

Generation time is approximated as sequence interval, 
i.e Tg =  TE + TI . If 𝜌𝜌 =  𝑇𝑇𝐸𝐸

𝑇𝑇𝑔𝑔
 is the proportion of 

incubation period to generation time, the basic 
regeneration number can be expressed as: 

R0 = �1 + λTg� + ρ(1 − ρ)(λTg)2   (7) 
 

About data 
Data on COVID-19 were collected in China 

between January 13, 2020 to March 9, 2020. All real-
time dynamic data were extracted from the open 
website of People's Daily, CCTV news, Hubei daily and 
Lilac Garden. 

 
Real data analysis 
Spatial feature 

We provide the heat map of the regional distribution 
of COVID-19 as of March 9 in China, which is shown 
in Figure 1. Different colors are borrowed for showing 
the number of confirmed cases in different provinces. 
The darker the color, the more severe the infection. The 
disease has obvious regional characteristics in terms of 
regional distribution among 31 provinces and cities in 
China, with significant spatial agglomeration 
characteristics.  
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It’s worth noting that the infection areas are mainly 
distributed in Hubei province and spread to neighboring 
provinces. Wuhan, the capital of Hubei province and 
also the worst-hit city (Figure 2), had 49,965 infected 
cases as of March 9. Deep color shows more infectious 
cases. In order to control the spread of the epidemic, 
Chinese government has taken measures to cut off the 
source of infection, such as lockdown the city of 
Wuhan, isolate measures for people returning from 
Wuhan or who have come into contact with Wuhan 
people. 

In order to test the spatial autocorrelation of 
COVID-19 in China, the interaction between provinces 
and cities has been estimated through Moran index from 
January 15, 2020 to January 31, 2020 by using the 
formula (1). Results are shown in Table 1. 

Moran coefficients based on adjacent weight matrix 
are all significant at the significance level of 1% (the 
third column in Table 1), and the values are around the 
interval of [0, 1], since there is a positive correlation 
among the confirmed cases according to the 
geographical structure, and its spatial distribution has 
obvious agglomeration characteristics (Figure 3). The 
increase of confirmed pneumonia cases in one region 
will inevitably lead to the increasing cases in adjacent 
regions, which means that a positive spillover effect 
occurs. 

Comparatively, no significant spatial correlation is 
tested out based on spatial geographic distance (the last 
column of Table 1), which indicates the spreading 
direction in China is mainly based on adjacent areas to 
neighbors, and doesn't matter how far the distance to the 

infectious centre. So provinces adjacent to Hubei are at 
higher risk, the same as the cities adjacent to Wuhan. 

In Figure 3, the confirmed cases are expressed by 
the abscissa and its spatial lag vector explained by the 
ordinate, and it shows the positive correlation about the 
infectious cases. The first quadrant is the (high, high) 
space, which indicates that the provinces and cities with 
high number of confirmed pneumonia cases are 
surrounded by the same cases’ situation of provinces 
and cities; The third quadrant is a low spatial 
association, presents that provinces and cities with low 

Figure 1. China epidemic of COVID-19. 

The heat map of the regional distribution of COVID-19 as of 
March 9 in China. The darker the color, the more severe the 
infection. 

Table 1. Moran Index and its test. 
 Measurement by the adjacency Measurement by geographical distance 

Date Moran’I P-value Moran’I P-value 
31 0.0268 0.0001 -0.0318 0.4403 
30 0.0291 0.0002 -0.0302 0.4057 
29 0.0488 0.0007 -0.0256 0.3161 
28 0.0466 0.0016 -0.0265 0.3351 
27 0.0491 0.0017 -0.0296 0.3969 
26 0.0395 0.0016 -0.0233 0.2844 
25 0.0252 0.0022 -0.0261 0.3382 
24 0.0184 0.0006 -0.0323 0.4543 
23 0.0394 0.0016 -0.0428 0.6724 
22 0.0252 0.0022 -0.0452 0.7267 
21 0.0184 0.0006 -0.0490 0.7948 
20 0.0139 0.0010 -0.0503 0.8198 
19 0.0088 0.0006 -0.0507 0.8324 
18 1.999*10-3 2.610*10-5 -0.0499 0.8205 
17 2.813*10-3 9.284*10-6 -0.0499 0.8211 
16 2.091*10-3 4.020*10-6 -0.0499 0.8217 
15 5.419*10-4 2.704*10-6 -0.0499 0.8217 
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pneumonia diagnoses are surrounded by the same 
situation of provinces and cities, and an obvious spatial 
agglomeration characteristic is captured, with a strong 
spatial dependence. It is consistent with the results of 
Moran I test correspondingly (column 2 in Table 1). 

 
Epidemic prediction based on Logistic model 

Although COVID-19 spread rapidly, we recognized 
that the transmission process takes place in a limited 
population. The transmission rate will decline after 
reaching a certain threshold with the implementation of 
various containments. This process is completely 
consistent with the Logistic curve. In the following 
analysis, we divided the data into two stages according 
to the different months. The first stage is from the date 

of 13 to 31 in January. A logistic model was employed 
and the average error was -1.6%, which shows 
reliability of our model. Confirmed cases are chosen to 
compare between other provinces and Hubei, and figure 
out that they coincided at the beginning of January, but 
they were increased in Hubei province at the end of the 
same month. This trend is due to the fact that medicine 
resources were lacking and the data were limited to the 
early stage of the infection in this province. Later, 
medical resources from other provinces all supported 
Hubei province for more efficient diagnosis leading to 

Figure 2. The epidemic in Hubei province, March 9, 2020. 

The first quadrant is the (high, high) space, which indicates that the 
provinces and cities with high number of confirmed pneumonia are 
surrounded by the same situation; The third quadrant is a low spatial 
association, presents that provinces and cities with low pneumonia 
diagnoses are surrounded by the same situation. 

Figure 3. Regional correlation diagnosis of ongoing COVID-19 
in China. 

The test set node was from the date of 13 to 31 of January. Logistic model 
was employed and the average error was -1.6%. 

Figure 4. Real cases, fitting curves and prediction for the 
confirmed cases (January). 

The number of confirmed cases in other provinces and cities has not 
increased basically since February 16, 2020. The critical point of Hubei 
Province emerges at March 1. 

Figure 5. Real cases, fitting curves and prediction for the 
confirmed cases (February-). 
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more accurate information. This process of infection in 
January is well represented by our model (Figure 4). 

The virus has been spreading at a rate of r = 1.0 
since February, and the infectious cases increased 
rapidly at this incubation period, especially on February 
12, the infection cases jumped by 14,840 due to the 
change of diagnostic criteria, leading the total cases to 
over 60,000. Under such a grim situation, a lockdown 
of communities and streets was enforced in Hubei 
Province. The political and medical community has 
continuously been fighting to persist with containment 
efforts. Compared with Hubei province, the epidemic 
situation in other provinces and cities in China kept a 
relatively stable state in February, and the number of 
confirmed cases basically has not increased since 
February 16, 2020 (Figure 5), reaching even zero cases 
in early March. Our model shows that the number of 
confirmed cases in Hubei Province decreased 
continuously at the end of February with the relative 
error -9.31%, and the critical point emerging on March 
the 1st. As a new public health measure, communities 
and streets quarantine is able to halt human-to-human 
transmission dramatically. 

 
Evaluation of basic regeneration number via SEIR 
model 

The basic regeneration number (R0) is a key 
indicator of transmissibility to explain the average 
number of secondary cases generated by previous 
infectious cases. R0 > 1 means the cases will increase, 
while R0<1 means the cases will disappear gradually 
[16]. According to the Chinese Center for Disease 
Control and Prevention, the incubation period of 
COVID-19 is 14 days, and in severe cases, the average 
duration from onset to hospitalization was 9.84 days in 
Wuhan [17]. The median incubation period for SARS 
viruses similar to the COVID-19 was 6.4 days [18], 
while Chan et al. [19] analyzed nine cases of COVID-
19 who were confirmed early at the known incubation 
period, and found that the average incubation period 
was 5.1 days. Such a long incubation period presents a 
severe test for our health. Here we calculated the basic 
regeneration number, with generation time tracing by 
Lipsitch et al and Northeastern University in the United 
States, so as to provide support for containment 
measures and centralized medical treatment.  

According to the analysis of SARS transmission 
data by Lipsitch et al [20], the average number of 
parameter Tg was 8.4 days, and 10 days by predicted 
results from Northeastern University in the United 
States. Here, we carried out the analysis based on the 
values of Tg = 8.4 and Tg = 10 respectively, and 

borrowed the parameter state from Zhou [14] since 
restricted information about the probability of a 
suspected case becoming a confirmed case is uncertain.  

According to the literature [14], the first case of 
COVID-19 was reported in December 8, 2019, here we 
supposed it as the beginning time (t = 0). There were 
830 confirmed cases and 1072 suspected cases reported 
in 31 provinces and cities by 24:00 on January 23, 2020. 
Some infected cases with symptoms have not been 
tested yet [21] according to the current condition of 
prevention and control to COVID-19. We suppose the 
probability of the suspected case transferring to 
infection is 𝜌𝜌. According to the real-time news of China 
Daily, there were 259 new cases confirmed and 1072 
suspected cases that had been reported, so ρ =
259/1072 ≈ 0.24 . We updated the parameter 𝜌𝜌  and 
include infection cases up to Y(46) = 830 + 1072 ×
0.24 ≈ 1087.  

Similarly, there were 79824 confirmed cases and 
851 suspected cases reported in 31 provinces and cities 
by 24:00 on February 29, 2020. According to the real-
time news of China Daily, there were 444 new cases 
confirmed and 1965 suspected cases reported on 
January 24, 2020, so ρ = 444/1965 ≈ 0.23 . We 
updated the parameter 𝜌𝜌 and included infection cases 
up to Y(36) = 79824 + 851 × 0.23 ≈ 80020. 

There were 80754 confirmed cases and 349 
suspected cases reported in 31 provinces and cities by 
24:00 on March 9, 2020. According to the real-time 
news of China Daily, there were 125 new cases 
confirmed and 715 suspected cases reported on March 
1, 2020, so ρ = 125/715 ≈ 0.17. 

We deduced the basic regeneration number on the 
basis of the data of CCTV news via the above explained 
process (Table 2). 

COVID-19 differs in terms of infectious period, 
transmissibility, and clinical severity from previous 
infectious diseases, such as SARS, MERS, and 
Smallpox. We compared the R0 in different periods. 
The value of R0 was under 3 before the lockdown of 
Wuhan city as the date was January 23, 2020, which 
seemed lower than Zika (4.0) [22], MERS (4.35) [23], 
and Smallpox (4.25) [24]. In the period of peak 
incidence, the range of R0 was up to [4.8, 5.8], and the 
increased number of the confirmed cases was 78537 
within 36 days. By interrupting all human-to-human 
transmission, the value of R0 dropped dramatically 
since early March. The range was [2.23, 2.51] in the 
whole testing span, which shows that secondary cases 
generated by an index case was less than 3 under the 
condition of no considering the “super spreaders”. 
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Conclusion and discussion 
Based on the data of COVID-19 in China from 

January 13, 2020 to March 9, 2020, in this paper we 
adopted the spatial Moran index to deduce that COVID-
19 has had a significant spatial correlation in China. The 
epidemic situation in Hubei province is more severe, 
and the current transmission still presents an increasing 
trend. Our data analysis suggested that the epidemic 
could be effectively controlled since March 1, 2020, 
which is consistent with the actual situation. The 
transmission capacity of COVID-19 in other provinces 
and cities in China was relatively weak, perhaps the 
stringent quarantine contributed to achieve this result. 
The range of basic regeneration number of COVID-19 
decreased, indicating that the spread rate of the disease 
slowed down. We expect that the Chinese government 
will continue to strengthen epidemic prevention and 
control and make the basic regeneration number to 
below 1 as soon as possible. Through results of our 
statistical modeling analysis of COVID-19, which has 
become a public health emergency of international 
concern, we hope to provide valuable reference 
information for medical personnel and health policy 
makers who are preparing for or experiencing the 
outbreak of novel coronavirus disease. 

Our paper pays more attention to analyze the 
confirmed cases of this outbreak from the perspective 
of spatial measurement and statistical modeling. 
Because nucleic acid testing is time-consuming and 
labor-intensive, and requires professional equipment 
and technical personnel, data bias was inevitable, 
especially in Wuhan, the city with the most severe 
epidemic. Here we calculated the death rate at different 
regional scales from February 1 to March 9, which is 
shown in Figure 6. 

Comparing data of other cities and provinces to 
Wuhan city, some deviation existed in the statistical 
timeliness in Wuhan so it is inevitable that maybe bias 
occurred in our results. On February 12, 2020, the 
Government of Wuhan asked to close the passageways 
between residential communities and required residents 

to stay at home. At the same time, the officers of 
residential community went from house by house to 
take residents’ temperature, screen for fever or cough, 
to ensure that no suspected cases were missed. No 
significant difference between the statistical 
significance of Wuhan and other cities after that point, 
and the deviation of statistical information has been 
reduced (Figure 6). Our model shows that the epidemic 
situation of COVID-19 in Hubei Province can be 
effectively controlled based on the current prevention 
and control strategy. For those regions of out of Hubei 
province, the number of COVID-19 cases has decreased 
since February 16, and six provinces (Jilin, Hainan, 
Qinghai, Ningxia, Tibet and Gansu) have reported 0 
cases, which is up to 29 provinces as of March 8. Strict 
quarantine has played a decisive role in preventing and 
controlling the virus. 

Meanwhile, the prevention and control of COVID-
19 is still a severe fight. On one hand, some questions 
are still uncertain and need to be answered, such as the 

Table 2. Basic regeneration number. 
Time node Tg ρ λ R0 

2019.12.8-2020.3.9 8.4 0.69 0.12 2.23 
10 2.51 

2019.12.8-2020.1.23 8.4 0.24 0.16 2.19 
10 2.46 

2020.1.24-2020.2.29 8.4 0.23 0.31 4.80 
10 5.80 

2020.3.1-2020.3.9 8.4 0.17 0.12 2.15 
10 2.40 

The dashed line is the separation between the whole timing span and the divided three stages. 

Figure 6. Mortality of several cities with severe infections and 
Hubei province (Wuhan, Huanggang, Xiaogan are the cities of 
Hubei province, where the majority of COVID-19 cases were 
reported in this province. We compared Hubei, except Wuhan, 
with the sum of other provinces about the rate of death, which is 
the lowest line. They all are below 4%, except Wuhan city). 
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identification of animal hosts, the period and route of 
transmission, the effective treatment and prevention 
methods (i.e. the effective test agents, drugs and 
vaccines), super spreaders, etc. On the other hand, 
workers return to their workplace except for Hubei 
province gradually. The rate of return to work is up to 
90% in Tianjin (North China), 87.1% in Shanghai 
(Eastern China), 70% in Shanxi (North-East China) and 
98.1% in Fujian (South China) until March the 6th. The 
mass flows of people greatly increase the risk of 
transmission of COVID-19 leading to detection and 
treatment of cases in the workplace difficult, the risk of 
another outbreak and rebound is still around China. 
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