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Highlights 

 LBS-requesting mobile device data is helpful to identify the generations of the COVID-19 

epidemic spread at the early stage. 

 A third-generation epidemic spread had already appeared in Wuhan from January 17 to 20, 

2020, before the large-scale outbreak in mainland China started. 

 The third-generation spread in Hubei province excluding Wuhan started from January 23 to 24, 

and the mixed first-generation and second-generation spreads strongly interacted to enhance 

the epidemic. 

 The trend of the interactions between the first-generation and second-generation spreads was 

evident in the provinces adjacent to Hubei. 

 The mixed first-generation and second-generation spreads appeared in most cities with 

confirmed cases in mainland China at the beginning of the outbreak.  

 

Abstract 

Objectives: The outbreak of atypical pneumonia caused by the novel coronavirus (COVID-19) has 

currently become a global concern. The generations of the epidemic spread are not well known, yet 

these are critical parameters to facilitate an understanding of the epidemic. A seafood wholesale 

market and Wuhan city, China, were recognized as the primary and secondary epidemic sources. 
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Human movements nationwide from the two epidemic sources revealed the characteristics of the 

first-generation and second-generation spreads of the COVID-19 epidemic, as well as the potential 

third-generation spread. 

Methods: We used spatiotemporal data of COVID-19 cases in mainland China and two categories 

of location-based service (LBS) data of mobile devices from the primary and secondary epidemic 

sources to calculate Pearson correlation coefficient, r, and spatial stratified heterogeneity, q, 

statistics.  

Results: Two categories of device trajectories had generally significant correlations and determinant 

powers of the epidemic spread. Both r and q statistics decreased with distance from the epidemic 

sources and their associations changed with time. At the beginning of the epidemic, the mixed first-

generation and second-generation spreads appeared in most cities with confirmed cases. They 

strongly interacted to enhance the epidemic in Hubei province and the trend was also significant in 

the provinces adjacent to Hubei. The third-generation spread started in Wuhan from January 17 to 

20, 2020, and in Hubei from January 23 to 24. No obvious third-generation spread was detected 

outside Hubei. 

Conclusions: The findings provide important foundations to quantify the effect of human 

movement on epidemic spread and inform ongoing control strategies. The spatiotemporal 

association between the epidemic spread and human movements from the primary and secondary 

epidemic sources indicates a transfer from second to third generations of the infection. Urgent 

control measures include preventing the potential third-generation spread in mainland China, 

eliminating it in Hubei, and reducing the interaction influence of first-generation and second-

generation spreads.  

 

Keywords: COVID-19; generations; mobile device data; q statistic; mainland China 

 

 

Introduction 

An outbreak of atypical pneumonia caused by the 2019 novel coronavirus (COVID-19) was 

recognized from middle January, 2020, in Wuhan city, China. The novel coronavirus that infects 

human was first reported in Wuhan, Hubei province, China, on December 31, 2019 (Zhu et al. 2020). 

Early confirmed cases were mainly linked to a seafood wholesale market in Wuhan (Li et al. 2020a; 

Zhu et al. 2020). Epidemiological studies indicate that the COVID-19 epidemic has a basic 

reproductive number between 2 and 3 (Li et al. 2020a; Wu et al. 2020), which is lower than the 2003 

severe acute respiratory syndrome (SARS) (Lipsitch 2003; Riley et al. 2003). Wuhan is a main 

transportation hub in central China, several million travelers ventured outward from the epidemic 

outbreak source in the first half of January, 2020, due to annual Chinese (Lunar) New Year holiday 

migrations. The large-scale outbreak started on January 19 (the first confirmed case reported outside 

Hubei province). Although strict transportation screening measures were activated by many cities 

in the next 3–4 days, the epidemic rapidly spread nationwide in a week. Moreover, COVID-19 

infections have been identified in other countries and the current epidemic has become a global 

concern (Cohen and Normile 2020; Holshue et al. 2020; Rothe et al. 2020; Wang et al. 2020). The 

World Health Organization (WHO) declared the COVID-19 outbreak as a public health emergency 

of international concern (PHEIC) on January 30 (WHO 2020b). There is evidence that the epidemic 

outbreak in China and elsewhere spread along the paths of travel from Wuhan (Li et al. 2020b), and 
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local outbreaks could appear in other major cities of China with time lags (Wu et al. 2020). 

  Massive human movements via railways and domestic/international airlines from Wuhan, and the 

timing of Chinese New Year, has enabled the virus to spread nationwide and worldwide (Peeri et al. 

2020). Control measures (e.g., travel quarantine and restrictions) in Wuhan were effective to delay 

the overall epidemic progression in mainland China and reduce the international case importations 

(Chinazzi et al. 2020). The Huanan seafood wholesale market and Wuhan were recognized as the 

primary and secondary epidemic centers, respectively, and therefore, the movements of populations 

from the two sources influenced the generations of the COVID-19 epidemic in mainland China, 

especially during the very early epidemic stage before the transportation measures activated by 

Wuhan and other cities. The first-generation (primary) spread of the epidemic was in part reflected 

by the human movement from the primary source (i.e., the seafood market), and the second-

generation (secondary) spread was reflected by that from the secondary center (i.e., Wuhan city). 

They varied and interacted by region and time during the early epidemic progression, and had the 

potential clues to identify the third-generation spreads in various regions, which are mainly caused 

by the local cases instead of the imported ones. Here, using location-based service (LBS) data of 

mobile devices, we analyzed the spatiotemporal association of the confirmed COVID-19 cases and 

human movements from the sources of the epidemic outbreak, and revealed the first, second and 

potential third generation spreads of the COVID-19 epidemic in mainland China. 

 

Methods 

Data sources 

We collected spatiotemporal data of COVID-19 cases in mainland China from the daily bulletins 

of the National Health Commission of the People’s Republic of China (NHC) and various 

Provincial/Municipal Health Commissions. Some publicly available news and media were utilized 

as supplemental data. The final epidemic dataset was comparatively verified through the public 

platform of the 2019-nCoV-infected pneumonia epidemic from the Chinese Center for Disease 

Control and Prevention (China CDC 2020a). The dataset of the COVID-19 cases includes the 

following fields: date (starting from January 10, 2020), province code/name, city code/name, and 

numbers of daily new suspected/confirmed cases. From the above dataset, we can generate the 

cumulative number of daily confirmed cases at a specific city s and until a given end date t, which 

is denoted by ys,t. 

The human movement of populations from two epidemic sources (the Huanan seafood wholesale 

market and Wuhan), were considered to be associated with the spatiotemporal epidemic spread. The 

datasets of LBS requests from mobile devices were provide by Wayz Inc., Shanghai, China. The 

device trace datasets cover over 80% mobile devices supported by the three telecommunication 

operators in China. The LBS-requesting statistics are implemented every two hours with high-

resolution location information. The raw data indicate the individual trajectories of numerous 

mobile devices with high-resolution spatiotemporal information, and can be easily aggregated in a 

specific spatial scale and within a given time step. For a subpopulation from the epidemic center, 

we can aggregate the device trace data from the start date to a given end date t, and the corresponding 

cumulative number at a specific city s is denoted by xs,t. Multiple LBS requests within a time step 

are only counted once by a same device. Private individual information was deleted from the raw 

data of the mobile devices, and in this study, the device trace data was aggregated to the 

administrative cities and the epidemic date, i.e., the mobile device traces were associated with the 
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epidemic dataset according to date and location. 

These aggregated statistics of mobile device traces are expected to be representative of the human 

migrations from the epidemic sources. Two epidemic sources were considered, including the 

seafood wholesale market and Wuhan city. The devices which activated their LBS requests in the 

market in November 2019 indicated the potential first-generation cases of the COVID-19 epidemic. 

And the potential second-generation cases were those which were activated in Wuhan in December 

2019 and then traveled to other regions in January 2020. 𝑥𝒔,𝑡
(𝑚)

 and 𝑥𝒔,𝑡
(𝑤)

 are used to denote the 

spatiotemporal trajectories of the above two subpopulations of mobile devices, respectively. All the 

processing and aggregation of mobile device trace data were implemented by the provider. The final 

datasets include the daily counts of two categories of trajectories in all the administrative cities in 

mainland China. The cumulatively summed device traces had a spatially distributed consistency 

with the population distribution in mainland China (Figure 1). Two categories of trajectories mainly 

spread to the provinces adjacent to Hubei and several developed areas a longer distance from Hubei, 

such as Guangdong province, Zhejiang province and Beijing. 

 

Statistical Analyses 

We considered the spread of the epidemic from the source in various space and time domains, 

and the corresponding associations with human movements were analyzed in several temporal 

divisions and spatial scales. Seven areas were delineated, including i) Wuhan city, ii) Hubei province 

excluding Wuhan, iii) Hubei province, iv) Hubei’s adjacent provinces (Anhui, Chongqing city, 

Henan, Hunan, Jiangxi and Shaanxi), v) mainland China excluding Hubei, vi) mainland China 

excluding Wuhan, and vii) mainland China. Date periods were generated using three key date stamps, 

including January 10, 2020 (when the first 41 confirmed cases were reported in Wuhan), January 

19 (when the large-scale outbreak started) and January 26 (the end of the first week of the large-

scale outbreak). 

Based on the above datasets of COVID-19 cases in mainland China and two categories of 

location-based service data of mobile devices from the epidemic sources, we calculated their 

Pearson correlation coefficient, r, and spatial stratified heterogeneity (SSH), q, statistics. Pearson 

correlation is usually used to evaluate the linear association between two variables and calculated 

as follows: 

𝑟𝑥𝑦 =
∑ (𝑥𝒔,𝑡 − 𝑥̄)(𝑦𝒔,𝑡 − 𝑦̄)𝑛

𝒔=1

√∑ (𝑥𝒔,𝑡 − 𝑥̄)2𝑛
𝒔=1 √∑ (𝑦𝒔,𝑡 − 𝑦̄)2𝑛

𝒔=1

(1) 

where rxy denotes the correlation coefficient of COVID-19 spatiotemporal spread and human 

migrations from the epidemic source, within the period from the start date to a given end date t. ys,t 

is the cumulative number of daily confirmed cases at city s and xs,t is the cumulative number of 

device trajectories from the epidemic source, with the mean values of 𝑥̄ and 𝑦̄, respectively. n is 

the number of the administrative cities in mainland China. In this study, we calculated two Pearson 

correlations with the spatiotemporal data of two categories of trajectories,  𝑥𝒔,𝑡
(𝑚)

 and 𝑥𝒔,𝑡
(𝑤)

, to 

explore the associations between the epidemic spread and the human migrations from the seafood 

market and Wuhan, respectively. 

The GeoDetector q statistic is generally applied to quantitatively evaluate the SSH of an explained 
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variable (Wang et al. 2010, 2016), and assess the determinant power of explanatory variables and 

their interaction, without linear assumptions (Yin et al. 2019). The fundamental formula of the q 

statistic is given by: 

𝑞 = 1 −
∑ 𝑁ℎ𝜎ℎ

2𝐿
ℎ=1

𝑁𝜎2
(2) 

where q is the determinant power of the factor to the objective. N is the number of objective variable 

observations and σ2 indicates the variance of all the observations. The objective is stratified into L 

stratums, denoted by h =1, 2, …, L, which is determined by the determinant factor. Nh is the number 

of observations and 𝜎ℎ
2 is the corresponding variance within stratum h. The value of q ranges from 

0 to 1.  

  We calculate q statistic to assess the determinant power of human migrations from the epidemic 

source to COVID-19 spatiotemporal spread. Similarly, the spatiotemporal data of two categories of 

trajectories can be applied to calculate two q statistics for the two epidemic sources. Within the 

period from the start date to a given end date t, we implemented the stratification by the equal-

interval division after ordering the trajectory data, xs,t, and divided all the observations into 5 strata 

to calculate the q statistic of the cumulative trajectories, xs,t, to the cumulative cases, ys,t. This is a 

common stratification way to deal with the numerical independent variables (Yin et al. 2019), which 

can reduce the subjective influence of various stratifications to q statistics. 

Moreover, for two or more determinant factors, an interaction q statistic can be calculated to 

measure their interaction influences (e.g., are they independent, or do they weaken/enhance each 

other?) (Wang et al. 2010). In this study, two categories of trajectories, 𝑥𝒔,𝑡
(𝑚)

 and 𝑥𝒔,𝑡
(𝑤)

, were used 

to implement the stratifications and the corresponding q statistics were calculated, respectively, 

which are denoted by q(m) and q(w). While the stratification was generated by the intersection between 

the above two individual stratifications, an interaction q statistic, q(m∩w), can be calculated, where 

the symbol “∩” denotes the intersection between two strata layers. Various interaction types can be 

defined according to the comparison between q(m), q(w) and q(m∩w) (Wang et al. 2010). For instance, 

“q(m∩w)> q(m) and q(w)” indicates a bi-enhancement interaction between two categories of trajectories 

in facilitating the spread of the epidemic (see Wang et al. 2010 for more details about the interaction 

q statistic). 

Analyses in this study were performed with the use of the R software package (R Foundation for 

Statistical Computing) and thematic mapping was implemented in the ArcGIS platform (ESRI). 

 

Results 

Similar to the spatial distributions of the mobile device traces (Figure 1), the Pearson correlations 

r and q statistics between the cumulatively summed cases and two categories of trajectories up to 

January 26, 2020 had a spatially distributed consistency with the population distribution among the 

administrative cities in mainland China (Figure 2). Two categories of trajectories had generally 

significant correlations and determinant powers of the epidemic spread, and both r and q decreased 

in distance from the epidemic sources. The first-generation and second-generation transmissions of 

the infection simultaneously appeared in many cities at the early stage of the outbreak. Specifically, 

devices activated in the market displayed higher values of r and q in several small and medium cities 

than devices activated in Wuhan city (Figures 2A and 2C). It is clear that many cities executed a 

quick response and activated transportation control measures, which helped control the first-
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generation epidemic spreads. The r and q statistics of the devices activated in Wuhan, however, 

indicate that the second-generation spread still influenced many cities in the first week of the 

outbreak (Figures 2B, 2D and Table 1). 

The market trajectories received a much higher Pearson correlation value to confirmed cases in 

Wuhan (r=0.6160, p<0.001) than Hubei province excluding Wuhan (r=0.3741, p<0.001) and 

mainland China excluding Hubei (r=0.3319, p<0.001). The correlations of Wuhan trajectories were 

0.7438, 0.5874 and 0.5183 in the above three areas, respectively. The temporal correlation curves 

of both market and Wuhan trajectories have obvious decreasing trends from January 17 to 20, 2020 

in Wuhan (Figure 3A), which indicates the potential start date of the third-generation epidemic 

spread. One week after this, market trajectories had higher Pearson correlation values than Wuhan 

trajectories, and the first-generation spread still had a serious influence in Wuhan (Figure 3A). 

Similarly, in Hubei province excluding Wuhan, the potential start date of the third-generation spread 

was from January 23 to 24 (Figure 3B). Moreover, the second-generation spread played a dominant 

role in the areas outside Wuhan, especially in Hubei province excluding Wuhan and the provinces 

adjacent to Hubei, since Wuhan trajectories had much higher values of correlations (Figures 3B and 

3C). We found no obvious turning dates in the areas outside Hubei (Figures 3C and 3D), and the 

potential third-generation spread remains to be determined. The curves have remained stationary 

since January 22 in mainland China excluding Hubei (Figure 3D). The transportation control 

measures activated by many cities since January 21 appeared to have been successful in partially 

controlling the first-generation and second-generation epidemic spreads outside Hubei province. 

We focused on the first week of the large-scale outbreak and calculated the q statistics of the two 

device-activation categories in introducing cumulative confirmed cases in various areas (Table 1). 

The determinant powers of both categories were extremely high and consistent in Wuhan (q=0.8909, 

p<0.05). Their temporal curves had the obvious decreasing trends from January 17 to 20 (Figure 

4A), which validated the start date of the third-generation spread in Wuhan. Similar validation was 

observed in Hubei province excluding Wuhan (Figure 4B). Two categories of trajectories can 

explain nearly 100% SSH of the epidemic spread in Wuhan before the large-scale outbreak and the 

SSH increased constantly since the third-generation spread stage (Figure 4A). The market and 

Wuhan trajectories had close determinant powers in introducing the epidemic spread in Hubei 

province (q=0.4153, q=0.4261, respectively, and p<0.001). The q statistics reported that these two 

categories explained 41.53% and 42.61% SSH of the confirmed cases in Hubei. The determinant 

powers of the epidemic spread in Hubei province excluding Wuhan were 0.2084 (p<0.01) and 

0.2513 (p<0.001), respectively. The q statistic values decreased in distance outside Wuhan or Hubei 

and showed that the determinant powers in mainland China excluding Hubei were 0.1610 (p<0.001) 

and 0.1723 (p<0.001), respectively.  

In the first week of the outbreak, Wuhan trajectories received higher values of q statistics than 

market trajectories in Hubei province excluding Wuhan and in provinces bordering Hubei (Figures 

4B and 4C). The second-generation spread contributed more influence in the areas surrounding the 

epidemic source. However, both two categories had close q statistic values in mainland China 

excluding Hubei (Figure 4D). The epidemic outside Hubei province appeared as a balanced pattern 

of mixed first-generation and second-generation spreads. Furthermore, the q statistics increased 

constantly outside Hubei province, indicating the increasing SSH of the epidemic spread (Figures 

4C and 4D). More attention should be given to control of the trend of second-generation spread and 

to eliminate potential third-generation spread. 
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Taking into consideration of the interaction influences of two categories of trajectories, the 

interaction q statistics were calculated in various areas (Table 1). All the interaction types were bi-

enhancement which indicates that two determinant factors (i.e., two categories of trajectories 

originated from two epidemic sources) enhance each other (the interaction q statistic is higher than 

each single q statistic but lower than the sum of two single q statistics). The determinant powers and 

interactions of two categories of trajectories in introducing the epidemic spread decreased in 

distance from the source to the rest of the nation. The interaction q statistic was 0.1925 (compared 

to the single q statistics of 0.1610 and 0.1723) in mainland China excluding Hubei. The interaction 

q statistic was 0.0786 (compared to the single q statistics of 0.0657 and 0.0642) in mainland China. 

Although the interaction strength was weak, the combination of both trajectory categories still 

carried more information about the spread of the epidemic throughout the country. The interaction 

q statistic of two categories of trajectories in Hubei province excluding Wuhan was 0.4063, which 

was close to the sum of two single q statistics (0.2084 and 0.2513) and much higher than each one 

individually. This interaction indicates strong bi-enhancement in facilitating the spread of the 

epidemic. Two categories of trajectories could significantly enhance each other to explain the SSH 

of the epidemic spread from Wuhan to other areas in Hubei province. 

 

Discussion 

The majority of the earliest cases of the COVID-19 atypical pneumonia were linked to the seafood 

wholesale market in Wuhan, which is the most severely-affected city of the COVID-19 outbreak. 

The movements of populations from these two epidemic sources provided potential first-generation 

and second-generation spreads nationwide and worldwide. Here, based on LBS-requesting mobile 

device traces and spatiotemporal confirmed COVID-19 case data, we applied Pearson correlation 

and GeoDetector q statistics to analyze the spatiotemporal association between the confirmed cases’ 

dynamic and human movements. Our findings provide important foundations to quantify the effect 

of human movement on the epidemic spread, to judge the epidemic generations, and to inform 

ongoing and future control strategies. 

We concentrated on two datasets of LBS-requesting mobile devices associated with two sources 

linked to the first-generation and second-generation spreads provincewide and nationwide. Their 

traces were aggregated by date in administrative cities and linked to the spatiotemporal confirmed 

cases. It is notable that the COVID-19 outbreak had a strong consistency with human migrations 

from the epidemic sources. The confirmed cases had a clear linear correlation with two categories 

of trajectories from the sources to the rest of the nation. Moreover, both trajectory categories could 

generally indicate the epidemic spread in Hubei province and explain to a certain extent the SSH of 

the spread from Wuhan to the rest of Hubei province and throughout the rest of China. Our analyses 

provide a new perspective to explore the spread of the epidemics linked to human movement. 

During the first week of the large-scale outbreak, the epidemic spread showed a spatially 

distributed consistency with the population distribution in mainland China. The majority of cities 

with confirmed cases had a mixed pattern of first-generation and second-generation spreads at the 

very beginning of the outbreak. Many cities activated quick response within 3–4 days and achieved 

efficient results in inhibiting the first-generation spread outside Hubei province. However, it still 

had a significant impact in Hubei province, especially playing the dominant role inside Wuhan city. 

Furthermore, among the other cities in Hubei province, the first-generation and second-generation 

spreads enhanced each other with a much higher interaction q statistic. This might be another signal 
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to identify the potential start date of the third-generation spread in a specific area. Due to the quick 

response and strict control measures in many cities, the interaction enhancement of the first-

generation and second-generation spreads had a weak strength outside Hubei province. There is no 

evidence that any third-generation spread appeared outside Hubei in mainland China in the first 

week of the outbreak. Nevertheless, Hubei’s adjacent provinces require more effective control 

measures, since the first-generation and second-generation spreads had an increasing trend. 

Our analyses determined an appropriate approach to explore the spatiotemporal association 

between the epidemic transmission and human movement. Two categories of LBS-requesting 

mobile devices were used in this study to identify the potential close contacts to the primary and 

secondary epidemic sources. The datasets covered most devices with LBS requests in the given 

region and time period. However, the linkage between mobile devices and populations could be 

subject to information loss (e.g., users may replace their mobile devices with new ones). It is also 

extremely difficult to cover 100% potential close contacts in our datasets. The close contacts of 

these two populations while traveling before/after the outbreak were not collected, and therefore we 

cannot estimate the potential third-generation cases and their movements. This limitation involves 

future work with more universal-source data and high-performance computing capabilities. The 

COVID-19 epidemic data were collected through publicly available sources, and we processed the 

data of confirmed cases and device traces in the spatial scale of cities. Small-scale analyses could 

be more helpful to construct epidemic control programs in counties or communities within a city. 

The spatiotemporal association between the spread of the epidemic and human movements 

indicates a transfer from second to third generations of the infection. This approach has made it 

possible to assess the start date of the third-generation spreads of COVID-19 epidemic and the 

interactions between first-generation and second-generation spreads across various regions all over 

the country. The proposed technique incorporating location-based service data of mobile devices 

can help identify the spatiotemporal generations at the early stage of the COVID-19 epidemic. It 

can be easily implemented and extended to the early exploratory study of other epidemics similar 

to COVID-19. The results indicate the spatiotemporal characteristics of the epidemic spread 

associated to human movements from epidemic sources and the potential spatiotemporal risks at the 

early stage of the outbreak. Control measures varying by location and time could be executed in 

different levels for various regions. For instance, cities with obvious third-generation spread require 

the strictest controls on both the exportations and the inside quarantine, cities should pay more 

attention to the importations and the inside quarantine if the first-generation and second-generation 

spreads have the strong interactive enhancements, and other cities require to focus on the control of 

the importations. 

In conclusion, we found that the third-generation spread of the COVID-19 outbreak probably 

started during January 17 to 20, 2020 in Wuhan, the potential start date of the third-generation spread 

in Hubei province excluding Wuhan was from January 23 to 24, and the mixed first-generation and 

second-generation spreads strongly interacted to enhance the epidemic. The trend of the interactions 

between the first-generation and second-generation spreads was significant in the provinces adjacent 

to Hubei. The associations between the epidemic spread decreased with distance and had different 

temporal pattens from the epidemic sources, implying the potential epidemic generation-to-

generation evolution on regional spatial scales. At the very beginning of the outbreak, the mixed 

first-generation and second-generation spreads appeared in most cities with confirmed cases. No 

obvious third-generation spread was detected outside Hubei province. The strict transportation 
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measures implemented in many cities appeared to have been effective in preventing any third-

generation spread nationwide. The urgent control measures in Hubei province include weakening 

the third-generation spread and the interaction influence of the first-generation and second-

generation spreads. Even with strict control strategies, effective measures to reduce transmission in 

the community are still required (Li et al. 2020a). A large increase in migration due to people 

returning from travel after the New Year holiday also introduces challenges to epidemic control 

(Wang and Zhang 2020). We recommend the urgent control measures of preventing potential third-

generation spread in mainland China, eliminating it in Hubei, and reducing the interaction influence 

of first-generation and second-generation spreads. 
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Figure 1. Spatial distributions of the LBS-requesting trajectories from two epidemic sources. 

Wuhan trajectories from January 1 to 27, 2020 are cumulatively summed and demonstrated as the 

thematic background among the administrative cities in mainland China. Market trajectories from 

November 7, 2019 to January 26, 2020, are illustrated as green-dotted point features. Note that the 

same device with multiple LBS requests within one day was only counted once. 
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Figure 2. Spatial distributions of Pearson correlations r and q statistic values of cumulative 

confirmed cases and LBS-requesting trajectories. (A) r values of market trajectories. (B) r values 

of Wuhan trajectories. (C) q values of market trajectories. (D) q values of Wuhan trajectories. Not 

applicable or statistically insignificant (p>0.05) values are shown in blank among the administrative 

cities in mainland China. 
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Figure 3. Pearson correlations of cumulative confirmed cases, market trajectories and Wuhan 

trajectories until January 26, 2020. (A) Wuhan city, (B) Hubei province excluding Wuhan, (C) 

Hubei’s adjacent provinces, and (D) mainland China excluding Hubei. Note that the coordinate 

ranges in (A) differ from other subfigures. Several date stamps are emphasized, including: i) January 

10, 2020 (when the first 41 confirmed cases were reported in Wuhan); ii) January 17 (when the 

third-generation spread started in Wuhan); iii) January 19 (when the large-scale outbreak nationwide 

started); iv) January 23 (when Wuhan implemented a full lockdown and the third-generation spread 

started in Hubei); and v) January 26 (the end of the first week of the outbreak). 
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Figure 4. q-statistic values of market trajectories and Wuhan trajectories in introducing 

cumulative confirmed cases until January 26, 2020. (A) Wuhan city, (B) Hubei province 

excluding Wuhan, (C) Hubei’s adjacent provinces, and (D) mainland China excluding Hubei. Note 

that the coordinate ranges in these subfigures differ from each other. Emphasized date stamps have 

the same interpretations as Figure 3. 
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Table 1. Pearson correlations r and q statistic values of cumulative confirmed cases, market trajectories and Wuhan trajectories in various areas of 

mainland China. Pearson correlations were calculated until January 26, 2020, and q statistic values and interactions of/between two categories of trajectories 

in introducing cumulative confirmed cases were calculated from January 19 to January 26, 2020. 

 

 

Pearson correlations GeoDetetor q statistic 

Market 

trajectories 

Wuhan 

trajectories 

Market 

trajectories 

Wuhan 

trajectories 
Interaction  Type Strength 

Wuhan city 0.6160*** 0.7438*** 0.8909* 0.8909* - - - 

Hubei Provence excluding Wuhan 0.3741*** 0.5874*** 0.2084** 0.2513*** 0.4063 Enhance, bi- Strong 

Hubei Provence 0.6126*** 0.7637*** 0.4153*** 0.4261*** 0.5041 Enhance, bi- Weak 

Mainland China excluding Hubei 0.3319*** 0.5183*** 0.1610*** 0.1723*** 0.1925 Enhance, bi- Weak 

Mainland China excluding Wuhan 0.3593*** 0.5427*** 0.1709*** 0.1831*** 0.2096 Enhance, bi- Weak 

Mainland China 0.6098*** 0.7634*** 0.0657*** 0.0642*** 0.0786 Enhance, bi- Weak 

*, ** and *** denotes p<0.05, p<0.01 and p<0.001, respectively. 
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