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Abstract 

From December 31, 2019, a large-scale 2019 novel coronavirus disease (COVID-19) broke out in 

China. Tracking and analyzing the heterogeneity and effectiveness of cities’ prevention and control for 

COVID-19 epidemic is essential to design and adjust epidemic prevention and control. The number of 

newly infected cases in 25 China’s worst cities for COVID-19 epidemic from January 11 to February 10 

was collected. The heterogeneity and effectiveness of these 25 cities’ prevention and control measures for 

COVID-19 were analyzed by using a estimate time-varying reproduction numbers method and a serial 

correlation method. The results shown that the effective reproduction number (R) in 25 cities showed a 

downward trend as a whole, but there was a significant difference in the R change trends among cities 

indicating that there was heterogeneity in the spread and control of COVID-19 in cities. Moreover, the 

COVID-19 control in 21 of 25 cities were effective and the risk of infection was decreasing due to their 

R had dropped below 1 on February 10, 2020 and the average decline of R in the past 5 days was greater 

than 0, while cities of Wuhan, Tianmen, Ezhou and Enshi were still difficult to effectively control the 

COVID-19 epidemic in a short period of time because their R was also greater than 1. 

 

Introduction 

On December 31, 2019, the Chinese city of Wuhan has reported the confirmed case of the 2019 
novel coronavirus disease (COVID-19), and other cities in China have also confirmed the case of 
COVID-19. Consequently the COVID-19 has even been spreading to other countries, such as the 
United States, Japan, and Thailand[1], which may trigger the global outbreak of COVID-19. The 
WHO has listed the COVID-19 epidemic as the Public Health Emergency of International Concern 
(PHEIC) on January 31, 2020. The number of people infected with COVID-19 continue to rise. 
Most Chinese provinces have initiated first-level public health emergency response in response to 
COVID-19 outbreak. For example, Guangdong, Hunan, and Zhejiang provinces initiated the first-
level public health emergency response on January 23, 2020, Hubei, Tianjin, Beijing, Shanghai, 
Chongqing, Jiangxi, Sichuan, Yunnan, and other provinces also launched first-level public health 
emergencies responses on January 24. These provinces have taken measures to isolate suspected 
cases, sterilize public areas, and restrict traffic to limit the COVID-19 epidemic. Wuhan where the 
COVID-19 epidemic was most severe, even began closing the city on January 23, 2020. In order to 



control the COVID-19 epidemic, Wuhan’s urban bus, subway, ferry, and long-distance passenger 
services have been suspended. 
 
So, How effective are cities in controlling COVID-19 epidemic? The effective reproduction number 
R is the expected number of secondary cases generated by an infectious case once an epidemic is 
underway [2]. R is able to measure the effectiveness of control of COVID-19 epidemic. Although 
there are many research on estimation the R of early propagation of COVID-19 [3-5], for example 
the key epidemiologic time-delay distributions and the basic reproductive number were estimated 
based on the first 425 patients with confirmed COVID-19 infected pneumonia[3], and [4] estimated 
the basic reproduction number of the infection to be significantly greater than one and predicted the 
COVID-19 epidemic based on the SEIR model. However, the R estimation of COVID-19 epidemic 
in these studies is a static value, the R changes dynamically with the prevention and control of 
COVID-19 epidemic. Therefore, the static R estimation cannot describe the current effectiveness of 
prevention and control of COVID-19 epidemic, Moreover, the previous research focused on the R 
estimation of the overall transmission of COVID-19. In fact, since the various social environments, 
differences in control measures, and the number of imported cases in different cities, the spread 
control of COVID-19 may not be the same across cities. Thus, this paper aims to answer the 
following questions: how effective are the control measures taken by the cities in controlling 
COVID-19 epidemic? When will COVID-19 prevention and control measures begin to play an 
important role in different cities? Whether the effectiveness of control of COVID-19 epidemic is 
the same across cities? 37,726 people have been confirmed to be infected with COVID-19 in China 
by February 10, while the confirmed cases in 25 of the most severely hit cities account for 92% of 
the total number. Therefore, based on the number of infected cases in the top 25 severe cities from 
January 11, 2020 to February 10, 2020, a dynamic estimation method of R [6] was used to estimate 
the R changes of 25 cities to assess the degree of control of COVID-19 epidemic and a serial 
correlation method [6] was used to analyze the differences in the control effect of COVID-19 
epidemic among cities. Meanwhile, critical time points for COVID-19 outbreak control in various 
cities were found by analyzing the starting time of R <1. This study helps to address the effects of 
COVID-19 control measures in different cities and the differences between cities.It is conducive to 
improve epidemic prevention measures and providing a reference for epidemic control and 
prediction of inflection control points. It also provides guidance for the government to adjust 
prevention and control measures to COVID-19 epidemic. 

Results 

By February 10, 2020, the number of infected cases in 25 cities (34,737) accounted for 92% of the 
total number of infected cases in China (37,726). The locations of 25 cities and the number of 
infected for COVID-19 are shown in Figure 1. Most of the serious cities are concentrated in Hubei 
Province. The worst cities are Wuhan (18455 infected cases, by February 10), other cities with 
cumulative infections exceeding 1,000 include Xiaogan (2620), Huanggang(2284), Suizhou(1095), 
Xiangyang(1089) Jingzhou(1075). This is because the source of the outbreak in Wuhan is quickly 
spread to the surrounding cities. Large cities outside Hubei province with close transport links to 
Wuhan could also become outbreak epicentres [1], such as Wenzhou (474), Chongqing (476), 
Shenzhen (357), Beijing (345), Guangzhou (317), Xinyang(227), Shanghai (302), Changsha (219), 



Nanchang (196) and Hangzhou (169) . 
 

 
Figure 1: Spatial distribution of 25 China's worst cities for COVID-19 epidemic. 

 
The R value of 25 cities is estimated per day to analyze whether the effectiveness of COVID-19 
control among cities is the same (shown in Figure 2). Obviously, all cities’ R value show a downward 
trend as a whole, but there are differences in the R change trends among cities. For example, the R 
values of Huanggang, Suizhou, Xiangyang, Jinzhou, Huangshi, and other cities decline steadily, 
while Ezhou, Enshi, and Tianmen started to rise after a period of decline. To analyze the 
heterogeneity of the downward trend in R values among cities, a serial correlation method [7] was 
used to calculate the correlation of the R time series among cities.  
 
The correlation coefficient of the R time series among cities is shown in Figure 3, and Figure 4 
shows the p-values for testing the hypothesis of no correlation. From the black box in Figure 4, it 
can be seen that except for Ezhou, Tianmen, Xiaogan, and Wuhan, the correlation of the R time 
series among other cities is significant. This shows that although they are located in different places, 
the effectiveness of COVID-19 control is similar. Besides, after a period of decline, the R values of 
Ezhou, Tianmen, and XiaoGan have been slowly increasing. 
 



 
Figure 2: R change trends of 25 China's worst cities for COVID-19 epidemic. 

 

 
Figure 3: The correlation coefficient of R time series among cities. 

 
Figure 4: The p value of correlation coefficient of R time series among cities (if the p<0.05, the 

correlation is significant). 



Although most cities have strong correlations in R change tends, their R values are different. The 
relationship between the R value of each city on February 10, 2020 (denoted as the Rt) and the 
average decline in its R in the last 5 days (denoted as the ΔR) was used to find some patterns, the 
result shown in Figure 5 (circle size measures the total number of infected case). And the Rt = 1 and 
ΔR = 0 are used to divide Figure 5. The Rt value of the city in the lower right quadrant of Figure 5 
has been lower than 1 on February 10, and their ΔR> 0, indicating that the COVID-19 in these cities 
has been effectively controlled, such as Xiantao, Yichang, Xinyang, Xiangyang, Jingmen, Huangshi, 
Nanchang, Chongqing, Shiyan, Huanggang,Xiaogan, ShenZhen, GuangZhou. It is worth noting that 
all cities outside Hubei belong to them. The cities in the upper left quadrant of Figure 5 not only the 
Rt value is greater than 1 but also ΔR> 0, such as Tianmen（Rt=2.17，95%CI:1.73-2.67，ΔR=-
0.20）, Ezhou（Rt=1.85，95%CI:1.62-2.10，ΔR=-0.11）, and EnShi（Rt=1.22，95%CI:0.88-1.62，

ΔR=-0.04. This shown that these cities not only have a serious COVID-19 epidemic but also have 
a tendency to continue to deteriorate. As shown in the upper right corner of Figure 4, Wuhan 
(Rt=1.50，95%CI:1.46-1.54，ΔR=0.52) had a large R value on February 10 although it is consistent 
with the R trend of most cities. Thus, Wuhan has not yet carried out stable control of COVID-19 
epidemic, but it is optimistic that its ΔR> 0. 

 

 

Figure 5: The relationship between the R value on February 10, 2020 (Rt) and the average decline 
of R in the past five days(ΔR), where the size of the circle represents the number of infected in each 
city. 

 
The R drops to 1 indicating that the control measures have effectively controlled the epidemic [8]. 
The starting time of R <1 was considered as the “turning point” for COVID-19 control in our studies. 
It is obvious from Figure 6 that the starting time of R <1 is not the same in various cities. By 
combining the time for each city to initiate a first-level public health emergency response, how long 



it takes to keep R below 1 and that R continues to decline is shown in Figure 6. Except for Wuhan, 
Ezhou, Suizhou, and Tianmen, the cities need an average of 14.9 day（95%CI：14.4- 15.5 day）

from the first-level public health emergency response initiated to R<1 without a significant increase. 
Thus, the “turning point” of COVID-19 control in most cities is thought to have occurred around 
February 7.  

 
Figure 6: The time for each city to initiate a first-level public health emergency response and the 
start time for R <1. 

Discussion 

The calculation and tracking of the R value can effectively handle the COVID-19 epidemic, and 
judge the effect of the current prevention and control measures. In order to better implement or 
modify the COVID-19 prevention and control measures, it is necessary to consider the instantaneous 
change of R, especially to find a downward trend in R time series. And it is possible to analyze the 
spatial heterogeneity of the COVID-19 transmission by estimating the difference in the change of 
R among cities. In this paper, 25 China’s worst cities for COVID-19 epidemic are selected for R's 
tracking and calculations. 
 
All cities’ R show a downward trend as a whole (Figure 2) which suggesting that the prevention and 
control measures in these cities have played an effective role. However, there is a difference in the 
R change trend among cities indicating heterogeneity in the spread and control of COVID-19 in 
various cities. Moreover, a major pattern in the R change trend of these cities was found through 
correlation analysis. Enshi, Yichang, Jingmen, Wenzhou, Xinyang, Xiantao, Huanggang, Suizhou, 
Xiangyang, Jingzhou, Huangshi, Xianning, Shiyan, Chongqing, Shenzhen, Beijing, Guangzhou, 
Shanghai, Changsha, Nanchang, and Hangzhou belong to this pattern and their R change trends are 
very similar. The characteristic of this pattern is that the R continues to decline steadily, which shows 
that although the severity of COVID-19 epidemic in these cities is different, their prevention and 
control measures have almost the similar effect. Further analysis of the R value of these cities on 
February 10, 2020 and the average decline of R in the past 5 days. The R of these cities (except 
Enshi) have all dropped below 1 and ΔR is greater than 0 (the lower right quadrant in Figure 5), 
indicating that these cities’ prevention and control measures are effective and the risk of infection is 
decreasing. However, the R of Ezhou, Tianmen, and Enshi are still greater than 1 on February 10, 



2020 and the 5-day average decline of R is less than 0. It can be considered that these cities are still 
difficult to effectively control the high-risk of COVID-19 in a short period of time, and their R has 
fallen for some time and then increased  again, the government must continue to strengthen 
epidemic prevention measures and cannot relax in these cities. It is also worth noting that Wuhan's 
R is greater than 1, but it is more optimistic that its 5-day average decline is larger. 
 
By comparing the time when each city starts the first-level public health emergency response and 
the time when R starts to be less than 1. We found that except for WuHan, Ezhou, Enshi and XiaoGan, 
it took about two weeks for other cities to start the first-level public health emergency response to 
effectively control the COVID-19 epidemic. In other words, the “turning point” of COVID-19 
control in these cities was considered to occur around February 7. 
 
The time for R to start calculation in our model must fulfill three criteria[6]: the R must be calculated 
after a time window (> 3). According to the above discussion in function 2, at least 11 cases have 
been observed (the time denoted as tc)since the beginning of the epidemic based on posterior 
coefficient of variation must be less than a threshold CV=0.3，and the estimation of R depends on 
the probability distribution of the serial interval, that is, it is difficult to observe the complete data 
to estimate R in a serial interval, thus an accurate estimation of R must be performed after a serial 
interval (the average serial interval in this article is 7.5). So I took the maximum of  , tc and serial 
interval as the starting time of R calculation. Moreover, a smaller time window will result in faster 
detection of COVID-19 transmission changes, larger will result in smoother. In order to test the 
sensitivity of the time window to R estimation, we selected  = 2, 3, 4, 5, 6, 7, and analyzed the R 
estimation in each city. The result is shown in Figure 7. It can be seen that the R values are slightly 
different based on different time windows, thus the selection of different time windows may have 
an impact on the time when R is first less than 1, However, the changing trend of R will not change, 
so it will not affect the results of our analysis of the effect of prevention and control of COVID-19 
in various cities. In order to enable faster detection of COVID-19 transmission changes, the 
minimum reasonable time window ( =3 ) is chosen in the studies. 
 
Identifying and tracking changes in R is a way to effectively handle the changes in the epidemic 
situation in various cities and assist in the guidance of epidemic prevention and control. However, 
it does not mean that the future R trend of each city will change according to the current development 
trend. For example, some imported case from Wuhan may not show symptoms of infection but 
maybe in an incubation period but they conceal their contact history and fail to take effective 
isolation, which may make prevention and control measures invalid and infect more people, because 
it has been proven that COVID-19 can also be infected during the incubation period[9]. Therefore, 
it is necessary to continuously track the number of infected per day and implement an update to 
calculate the R value. Above all，from the situation of epidemic prevention and control, each city 
should track the R and its changing trend. Now, no city can relax the epidemic prevention and 
control. Some cities have a high R, and they should strengthen their prevention and control for 
COVID-19 epidemic. 
 



 
Figure 7: R estimation for 25 cities based on different time windows. 

Method and assumption 

Data collection 

In this study, we obtained data on COVID-19 cases in China in 2020 from the Municipal Health 
Commission of the provinces of the People's Republic of China. The data obtained is publicly 
available data data, and were aggregated to daily counts.  

Time-varying reproduction numbers estimation method 

We model COVID-19 transmission with a Poisson process by assuming the distribution of 
infectiousness through time after infection is independent of calendar time[6], so that the rate at 
which someone infected in time step t-s generates new infections in time step t, is equal to Rtws, 
where Rt is the instantaneous reproduction number at time t and ws a probability distribution 
describing the average infectiousness profile after infection. The number of infected at time t is a 

Poisson distribution with t
s 1
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R I w


  as the mean，It-s is the incidences at time step t-s, and the 

likelihood of the incidence It given the reproduction number Rt, conditional on the previous 
incidences I0,…,It-1,is[6] 
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If the transmission rate of COVID-19 is a constant within the time window[t- +1, t],which 
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A Bayesian method using a Gamma distribution with parameters (a, b) as parameters is used to 

represent ,t
R  , and the posterior distribution ,t
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So the ,t
R   posterior distribution is a Gamma distribution with (
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as a parameter. In this paper we use a gamma prior distribution with parameters a = 1 and b = 5 to 

estimate ,t
R  . 

We used the number of infected per day as the incidences. Therefore, the unknown parameters 
in the above formula are time window   and ws. The estimated value of Rt depends on the choice 
of the size of the time window   . Smaller   will result in faster detection of COVID-19 
transmission changes, but also lead to more statistical noise; Larger  will result in smoother and 

less statistical noise. According to formula (3), the posterior variation coefficient ,t
R   is 

1
1/

t

s

s t

a I
  

  . Assuming that the posterior coefficient of variation must be less than a threshold 

CV, the minimum number of cases in the time window must satisfy 2
1

1t

s

s t

I a
CV  

  . If CV = 

0.3 [1], the number of outbreaks must be greater than 11 within the time window. According to the 
number of the infected datasets, the number of infected in a single day in some cities is less than 11, 
but the number of new infected in 3 days are all greater than 11.  

The infectivity profile ws can be approximated by the distribution of the serial intervals [6], we 
assumed that the serial interval distribution had a mean (±SD) of 7.5±3.4 days (95% CI, 5.3 to 19) 
from the [3]. Actually, [6] showed that the estimates of R were little sensitive to the choice of the 
prior mean and variance of serial interval. 

In addition, a serial correlation method [7] was used to calculate the correlation of the R time 



series among cities. Specifically, the change in the R estimation over time is considered to be a time 
series of R. Let the time series of R of two cities be X and Y respectively, then the correlation 
coefficient of X and Y is  
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, and n is the length of the time series. In this paper, The 

latest time to start calculating for all cities’ R is February 10, 2020, thus, the time series of R from 
February 2 to February 10 is used to calculate the correlation, that is, n = 9 in this paper. 
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CITY 11-Jan 12-Jan 13-Jan 14-Jan 15-Jan 16-Jan 17-Jan 18-Jan

Beijing 0 0 0 0 0 0 0 0

Shanghai 0 0 0 0 0 0 0 0

Hangzhou 0 0 0 0 0 0 0 0

Wenzhou 0 0 0 0 0 0 0 0

Nanchang 0 0 0 0 0 0 0 0

Xinyang 0 0 0 0 0 0 0 0

Wuhan 41 0 0 0 0 4 17 59

Huangshi 0 0 0 0 0 0 0 0

Shiyan 0 0 0 0 0 0 0 0

Yichang 0 0 0 0 0 0 0 0

Xiangyang 0 0 0 0 0 0 0 0

Ezhou 0 0 0 0 0 0 0 0

Jingmen 0 0 0 0 0 0 0 0

Tianmen 0 0 0 0 0 0 0 0

Xiaogan 0 0 0 0 0 0 0 0

Jingzhou 0 0 0 0 0 0 0 0

Huanggang 0 0 0 0 0 0 0 0

Xianning 0 0 0 0 0 0 0 0

Suizhou 0 0 0 0 0 0 0 0

Xiantao 0 0 0 0 0 0 0 0

Enshi 0 0 0 0 0 0 0 0

Changsha 0 0 0 0 0 0 0 0

Guangzhou 0 0 0 0 0 0 0 0

Shenzheng 0 0 0 0 0 0 0 0

Chongqing 0 0 0 0 0 0 0 0



19-Jan 20-Jan 21-Jan 22-Jan 23-Jan 24-Jan 25-Jan 26-Jan 27-Jan

0 5 5 4 12 10 15 17 12

0 1 8 7 4 13 7 13 13

0 0 1 0 5 6 15 0 5

0 0 2 2 2 4 8 14 28

0 0 0 1 1 1 1 4 9

0 0 0 0 1 4 16 1 6

77 60 107 60 70 77 46 80 892

0 0 0 0 0 0 31 5 17

0 0 0 0 1 4 15 20 25

0 0 0 0 0 0 19 11 20

0 0 0 0 0 0 2 34 34

0 0 0 0 0 1 0 19 37

0 0 0 1 7 13 17 52 24

0 0 0 0 0 3 2 8 10

0 0 0 0 0 4 29 45 73

0 0 0 6 2 2 23 14 24

0 12 0 0 0 0 58 32 59

0 0 0 0 0 0 43 21 27

0 0 0 0 0 5 31 16 18

0 0 0 0 2 8 1 1 15

0 0 0 0 0 11 6 8 13

0 0 1 3 4 0 10 4 2

0 0 2 3 2 7 0 25 12

0 9 5 1 0 5 7 9 13

0 0 5 4 8 30 18 35 22



28-Jan 29-Jan 30-Jan 31-Jan 1-Feb 2-Feb 3-Feb 4-Feb 5-Feb

11 20 21 24 27 32 16 25 21

14 21 27 25 24 16 15 25 21

19 18 16 13 12 8 14 9 10

54 58 55 14 24 26 49 24 32

8 21 21 16 6 14 18 13 15

3 10 7 21 18 11 13 26 26

315 356 378 576 894 1033 1242 1967 1766

33 27 55 41 43 82 71 104 57

23 31 31 27 35 44 35 27 35

12 54 50 109 77 39 60 44 67

61 32 123 61 94 107 84 103 52

27 39 66 38 51 28 26 50 41

28 49 36 24 78 16 55 22 86

11 10 23 15 17 16 2 11 10

101 125 142 87 121 169 202 342 424

30 50 70 66 46 166 114 100 88

111 172 77 153 276 244 176 223 162

21 18 36 40 40 50 52 36 15

46 27 85 76 80 74 183 65 128

2 23 35 7 43 29 19 37 40

13 15 9 12 18 6 12 15 6

22 11 11 18 26 13 23 16 15

12 16 27 31 38 14 27 21 18

14 23 24 60 26 30 43 20 25

15 18 41 32 24 38 37 29 23



6-Feb 7-Feb 8-Feb 9-Feb 10-Feb

23 18 11 11 5

15 12 11 3 7

5 6 3 2 2

25 17 10 16 10

13 6 11 11 6

12 16 13 15 8

1501 1985 1379 1921 1552

69 68 57 52 30

42 43 29 14 24

47 23 78 45 23

51 69 81 57 44

48 98 70 89 65

45 35 75 12 15

25 16 18 20 44

255 172 123 105 101

84 56 56 48 30

90 144 100 115 80

44 33 17 14 8

81 38 31 65 46

42 52 20 37 22

13 3 11 21 8

11 6 9 8 6

29 14 6 9 4

20 17 13 4 7

22 15 20 22 18



Figures

Figure 1

Spatial distribution of 25 China's worst cities for COVID-19 epidemic. Note: The designations employed
and the presentation of the material on this map do not imply the expression of any opinion whatsoever
on the part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 2

R change trends of 25 China's worst cities for COVID-19 epidemic.

Figure 3

The correlation coe�cient of R time series among cities.



Figure 4

The p value of correlation coe�cient of R time series among cities (if the p<0.05, the correlation is
signi�cant).



Figure 5

The relationship between the R value on February 10, 2020 (Rt) and the average decline of R in the past
�ve days(ΔR), where the size of the circle represents the number of infected in each city.



Figure 6

The time for each city to initiate a �rst-level public health emergency response and the start time for R <1.



Figure 7

R estimation for 25 cities based on different time windows.
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