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One Sentence Summary: We estimated the date of the first COVID-19 case. 

Abstract: Commercial flights contributed to the early-stage international transmission of SARS-CoV-2. 

Understanding the effect of international and inter-state flights on virus transmission is important to 

evaluate the initial response of the outbreak. This study investigated the likely date of the emergence of 

the first COVID-19 case. We constructed a geographical-structured epidemiology model, integrating 2541 

province-level units, 250 country-level units, and 26,094,036 flight plans to evaluate the possible date of 

the emergence of the first case. Using the model, we estimated the number of cumulative deaths and the 

date of first death caused by COVID-19 in different countries. The pattern of the three parameters we 

evaluated suggests a high likelihood of the emergence of the first case of COVID-19 be around September 

15 and September 22, 2019. 

Covering Letter: 

Dear Nature Editors, 

We are a group of high school and freshmen undergrad students from different parts of the world who 

are passionate about the topic of epidemiology and want to contribute to the mitigation of COVID-19. We 

researched together during this difficult time with tools that are available and we worked cooperatively to 

tackle this research even though we are separated by the pandemic and physically in different parts of the 

world. We submitted a research report entitled “Dating the emergence of the first case of COVID-19 with 

flights: a retrospective modelling study” for consideration for publication in Science. It describes the 

construction of a geographical-structured epidemiology model and estimates potential dates of the 

emergence of the first COVID-19 case using this model. 

Science, as one of the most prestigious scientific journals in the world, has published some key papers in 

this field. In July 2020 Britton and his colleagues created a mathematical model to assess the effect of 

population heterogeneity on the threshold of shielding immunity (herd immunity). We advanced further 

using a similar model. Inspired by the game Plague Inc., we constructed a model integrating 2154 

province-level regions and 21,081,805 commercial flights from September 1, 2019 to June 1, 2020 to date 

the first case of COVID-19. We used three parameters regarding the deviation from the actual scenario to 

evaluate our results, finding all of these parameters to indicate a peak of the degree of fit when the 

emergence was on September 22, 2020. 

Our study provides new insights into the early-stage transmission of the COVID-19 and the potential date 

of the origin of the virus. We believe our model and findings can be used for both origin-tracing of viruses 

and decisions regarding virus mitigation - especially border restrictions. 

Sincerely and respectfully, 

The students 

October 22, 2020 
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Dating the emergence of the first case of COVID-19 with flights: a 

retrospective modelling study 

Severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2) has impacted multiple countries after first 

detected in Hubei, China.0F  Evidence proved that the virus can spread through aerosols.1,2  Flights were 

determined to be a crucial contributor to case exportations.3,4  Some countries have enforced strict border 

closures to mitigate the spread of this deadly virus.5  Although multiple non-pharmaceutical interventions 

on the COVID-19 pandemic were introduced, they were not sufficient to contain the spreading of the virus, 

on both local and global scales.6,7  

Multiple modelling studies were conducted to assess the local COVID-19 transmission in the UK, Singapore, 

and Canada.7,8,9 These studies provided insight into the virus transmission and mitigation based on a static 

population. Results given by these studies can reflect the country-level transmission dynamics and potential 

epidemic sizes without the influx and outflux of the cases.5,10 

International flights contributed to the early-stage spread of the virus,1 but none of these previous 

mathematical models included this crucial factor. In 2018, 1,811,324,000 passengers traveled 

internationally through air.12   Since commercial flights is one of the main contributors to the importation 

of COVID-19 cases,11,13 we focused on the effect of flights on the transmission of SARS-Cov-2 to better 

describe the global transmission dynamic  

We present our result of a geographical-structured epidemiology model for the COVID-19 on a global scale. 

We estimated the number of cumulative deaths caused by COVID-19 by May 1, 2020 and the date of the 

first death caused by COVID-19 with different settings of the emergence of the first case. By comparing our 

results with actual scenario, we estimated the most likely date of the emergence of the first case of COVID-

19.
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Figure 1: Description of the transmission model. 

(A) Individuals in the stochastic compartmental model are classified into susceptible, exposed, infectious,

and removed states. The patient will be determined to become whether an exported case or a local case

by the stochastic algorithm. (B) Flow chart of local and non-local transmission of COVID-19. Each circle

represents a patient. The blue arrow represents a non-local infection, whereas the red arrow represents a

local infection. The tag indicates the epidemiological information about the individual. (C) Sample map for

case exportation from California, the United States to Nevada, the United States.

Our model described the transmission scenario of COVID-19 with a latent period and an infectious period.14 

We assumed all individuals at the start as susceptible without immunity. The individual will enter the 

exposed state when contracted with an infected case. After an average latent period of 4.5 days, the person 

will remain infectious for 7 days.7,15,16 The individual in the exposed and infected stage will be determined 

to become whether a local case or an exported case according to a stochastic algorithm (Figure 1). 

We completed 50 simulations for each scenario with the date of emergence of the first case of September 

1, 2019, September 8, 2019, September 15, 2019, September 22, 2019, October 1, 2019, October 8, 2019, 

October 15, 2019, October 23, and November 1, 2019. The basic reproduction number R0 of the virus is set 

to be 2.79.17 The fatality rate of each individual in the model was determined by a function based on age. 

Our data about fatality rate was acquired from a publication by the Chinese CDC (supplementary 

material).18 

The imported cases will preserve its data (time since onset, age, and social activity pattern) and start 

transmission accordingly in the new area (Figure 1). Since the average fatality rate of COVID-19 patients 

demonstrates a strong correlation with the age,19,20,21 we stratified the population into 10-year age bands 

according to the country.22,23 The age of each individual will be assigned according to the age stratification. 
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Our stratification was completed on the country level; thus, we did not consider the difference of 

population age distribution between different provinces in the same country. 28 

Due to the reason that the first case of COVID-19 was reported in Hubei, China in December, 2019, we 

assumed the location of the first case of COVID-19 to be in Hubei, China in between the time interval from 

September 1, 2019 to November 1, 2019.24,25  

We introduced two types of lockdown into the model: local level lockdown, and country-level lockdown. 

The lockdown in a certain province or country will be triggered when a certain number of cumulative deaths 

caused by COVID-19 is surpassed, causing the frequency of social activities to drop; the frequency of social 

activities will be reduced to no lower than 15% of its original level. Lockdowns were assumed to gradually 

decrease the number of contacts between the individuals in these provinces, altering the relative frequency 

of contacts to our best estimate of a reasonable reduction in contact rates under lockdown.7 

According to ISO-3166 and IATA standard, we introduced 250 country-level regions, then further divided 

them into 2154 province-level regions (Figure 1).26,27 The population of each region was collected through 

census data (supplementary material).28  

A dedicated SEIR model was constructed for each region, and will only be activated when a case is imported 

from another region. The patients could be traveling from a province to another and initiate the 

transmission in the destination.  

We assumed the population in each province to be distributed evenly; the population of each province is 

recorded and integrated into the model (supplementary material).29 

We integrated the flight plans from September 1st, 2019 to June 1st, 2020 (26,094,036 Flights), to help to 

describe a more dynamic transmission scenario. Due to the lockdown and travel ban in some areas, only 

21,081,805 are included (supplementary material).30,31 We picked the global average passenger load factor 

in 2019 (82.6%) to be the uniform passenger load factor for our model.32 

For a region with a population of 𝑁𝑁 , a number of fights taken off of on a certain day 𝑛𝑛 , numbers of 

passengers of each flight of 𝛼𝛼𝑛𝑛, and the passenger load factor of 𝜇𝜇 (82.6%), the possibility of each individual 

to be onboard is: 

𝑃𝑃(𝑜𝑜𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) =
1𝑁𝑁 𝜇𝜇�𝛼𝛼𝑖𝑖𝑛𝑛

𝑖𝑖=0  
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Figure 2: Number of cumulative deaths worldwide by May 1, 2020. 

(A) Number of cumulative deaths caused by COVID-19 from February 1, 2020 to May 1,2020. The colored

curves represent the 97.5th percentile and 2.5th percentile of the number of cumulative deaths from each

scenario; the colored areas represent 95% prediction interval. The bold line is the actual number of

cumulative deaths worldwide. Red, purple, light purple, yellow, blue, sky blue, pine green, green, and light

green represents the emergence of the first case of COVID-19: September 1, 2019, September 8, 2019,

September 15, 2019, September 22, 2019, October 1, 2019, October 8, 2019, October 15, 2019, October

23, and November 1, 2019, respectively. (B) The number of cumulative deaths resulted from the simulation

when changing the date of the emergence of the first case of COVID-19. The horizontal blue line represents

the actual number of cumulative deaths on May 1, 2020; the vertical droplines represent 95% prediction

interval. The x-axis represents the date of the emergence of the first case. The figures are on a logarithmic

scale.

We modelled 9 different dates of the emergence of the first case, resulting in median numbers of deaths 

of 853901, 691434, 487912, 363746, 215706, 140413, 85357, 46789, and 28432 when the emergence of 

the first case of COVID-19 was on September 1, 2019, September 8, 2019, September 15, 2019, September 

22, 2019, October 1, 2019, October 8, 2019, October 15, 2019, October 23, and November 1, 2019, 

respectively (Figure 2). The deviation of the median number of cumulative deaths (363746) from the actual 

scenario (305875) reaches the minimum when the emergence of the first case of COVID-19 was on 

September 22, 2019.  

Overall, the number of cumulative deaths caused by COVID-19 on May 1, 2020 worldwide demonstrates a 

pattern of exponential decay as the emergence of the first case defers.33  When the date of the emergence 

of the first case is as early as September 8, 2019, the actual number of cumulative deaths is lower than the 

2.5th percentile; when the date is set as late as than October 22, 2019, the actual number is higher than 

the 97.5th percentile (Figure 2). 
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Figure 3: Detailed number of cumulative deaths in the eight major epicentres. 

Number of cumulative deaths resulted from 50 realisations from five scenarios with different dates of the 

emergence of the first case in the eight major epicentres (United States, United Kingdom, Spain, Germany, 

Belgium, France, Canada, and Italy). The bold lines represent the actual number of cumulative deaths; the 

dash line is the trial resulting in a median number of cumulative deaths; the transparent line represents one 

realisation. Scenarios where the actual number of cumulative deaths is not within the 2.5th to 97.5th 

percentile of the simulation result (September 1, 2019, September 8, 2019, October 23, 2019, November 1, 

2019) were excluded for clarity issues. The actual number of cumulative deaths is not within the 95% 

prediction interval if it is not inside the interval between the trial with the greatest number of cumulative 

deaths and the trial with the lowest one. 

The median number of cumulative deaths in the United States, United Kingdom, Spain, Germany, Belgium, 

France, Canada, and Italy, the eight major epicentres, demonstrated the lowest deviation from the actual 

scenario (according to the percentage deviation from the actual number) on September 15, September 22, 

September 15, September 15, September 15, September 15, October 1, and September 15, respectively 

(Figure 3). Obviously, as the emergence of the first case of COVID-19 defers, the number of countries that 

do not include the actual scenario within its 95% prediction interval increases. The actual numbers of deaths 

are included inside the 95% prediction interval of the simulation result in all of the eight epicentres when 

the emergence was on September 15, 2019 and September 22, 2019. Seven of eight countries failed to 

include their actual numbers inside the 95% prediction interval when the emergence was on October 15, 

2019 (Figure 3).  

Overall, the average date which resulted in the lowest deviation amongst the eight epicentres is between 

Septembers 15, 2019 and Septembers 22 2019. Among these eight major epicentres, the average date 

which results in the lowest deviation in North American countries (the United States, and Canada with an 

average of September 22) is overall later than that of European countries (United Kingdom, Spain, Germany, 

Belgium, France, and Italy with an average on September 16). 
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Figure 4: Dates of the first death in 155 countries. 

(A) Dates of the first death caused by COVID-19 in 155 countries around the globe (that have COVID-19 

death cases); the countries are categorized into Europe, North America and South America, Africa, and Asia 

and Oceania based on their continents. The points on the bold line represent the actual date of the first 

death in the countries. Each y-value on the colored line represents the date of the first death in these 

countries from the trial that resulted the median number of cumulative deaths from each scenario with 

different dates of the emergence of the first case. The countries are sorted by the date of the first death 

from the simulation when September 1 is date of the emergence of the first case. Red, purple, light purple, 

yellow, blue, sky blue, pine green, green, and light green represents the emergence of the first case of 

COVID-19 on September 1, 2019, September 8, 2019, September 15, 2019, September 22, 2019, October 

1, 2019, October 8, 2019, October 15, 2019, October 23, and November 1, 2019, respectively. (B) The 

average Pearson product-moment correlation coefficient between the date from the simulation and the 

actual date in four geographical divisions. The transparent green line represents the correlation coefficient 

in Africa after removing the outliers (Namibia, Lesotho, and Uganda). (C) The global correlation coefficient 

before and after removing the outliers. The x-axis represents the date of the emergence of the first case of 

COVID-19. The light purple curve represents the trendline. 

 

The deviation of the date of the first death of the simulation result from the actual scenario demonstrated 

different patterns depending on the geographical divisions. Overall, Europe, North America, and South 

America possess a higher Pearson correlation coefficient than Asia, Africa, and Oceania.  

For Africa, the coefficient remains at a low level and decreases to nearly 0 after October 1. The coefficients 

of Europe, North America and South America, and Asia and Oceania, however, are within an interval 

between 0.15 and 0.35 before October 15 (Figure 4). A maximum of the global average coefficient can be 

observed on September 15 (Figure 4). 

There are some outliers from our simulation which are mainly African and Oceania countries. The simulation 

result of Namibia, Lesotho, and Uganda, for example, which the date of the first death caused by COVID-19 

is after July, demonstrates significant deviation (the scenario that results in the latest date of the first death) 

from the actual scenario: 105 days, 87 days, and 89 days (Figure 4). When the outliers are excluded, the 

correlation coefficient of Africa was significantly boosted, with a peak of 0.2427 (originally 0.0182) on 

October 1, 2019 (Figure 4). As a result of that, the global average increased after the outliers were removed, 

with a more obvious maximum on September 22, 2019 (Figure 4). The global average demonstrated a 

normal distribution with an obvious central peak on September 22, 2019 after the removal of outliers; 

however, the pattern cannot be observed before the removal (Figure 4). 

Equation for the trendline (x represents the number of days after September 22): 𝑓𝑓(𝑥𝑥) = 0.21𝑒𝑒−0.0001𝑥𝑥2
 

 

Using this model, we evaluated three different parameters relating to the deaths caused by COVID-19 

worldwide. We found that the number of global deaths by May 1, 2020, the number of cumulative deaths 

in the eight major epicentres on May 1, 2020, and the deviation of the first death in 155 different countries, 
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all demonstrated the smallest deviation when the emergence of the first case of COVID-19 is in the week 

between September 15, 2019 and September 22, 2019.  

We observed an exponential decay pattern of the number of cumulative deaths caused by COVID-19 as the 

emergence of the first case defers (Figure 2). We found that the date where the number of cumulative 

deaths from the simulation shows the smallest deviation from the actual scenario is September 22, 2019 

(Figure 2).  

The pattern of the deviation of the date of the first death caused by COVID-19 in the four different 

geographical divisions varies to a great extent (Figure 4). The global Pearson correlation coefficient (after 

removing the outliers) demonstrates a clear normal distribution pattern when the date of the emergence 

of the first case changes (Figure 4).  

We observed the inconsistency between different geographical divisions. For instance, the maximum 

degree of fit of the date of the first death in Europe is demonstrated when the emergence of the first case 

happened on October 15, 2019, whereas the counterparts for the other continents are before October 1 

(Figure 4). This may due to the different passenger load factors of the flights and the effect of ground 

vehicles on the overall population mobility and thus affect the transmission dynamics.34 The outliers 

contributed to a great reduction of the overall correlation coefficient.  

Our study is subject to several limitations. First, the census data we acquired is not up to date, thus the 

transmission scenario in our simulation may be different in some areas. This may also have an impact on 

our age stratification, affecting the fatality rate in some countries.18 We did not include inter-state and 

international travels through ground vehicles, thus may underestimate the influx and outflux of cases in 

some countries where the trains and buses play a dominant role in transportation.  

Our study provides insights into the early stage transmission of the SARS-Cov-2 virus with the presence of 

flights. Our simulation results suggest a high likelihood that the date of onset of the first case is in between 

the time interval between September 15, 2019 and October 1, 2019 with the peak on September 22, 2019. 

The most likely date of the emergence of the first case we found is over 70 days earlier than the onset date 

of the first case identified (December 1, 2019). Since the global Pearson correlation coefficient 

demonstrates normal distribution as the onset date of the first case changes, we estimated that the 

coefficient would be as low as 0.1179 if the date of emergence of the first case of COVID-19 is December 1, 

2019. This may indicate some untested cases at the early stage of the outbreak. Our estimates of the 

underlying effect of the flight on this transmission dynamic will help health officials to re-evaluate the early-

stage transmission trajectory and policies regarding border closures.  
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Figures

Figure 1

Description of the transmission model. (A)Individuals in the stochastic compartmental model are
classi�ed into susceptible, exposed, infectious, and removed states. The patient will be determined to
become whether an exported case or a local case by the stochastic algorithm. (B) Flow chart of local and
non-local transmission of COVID-19. Each circle represents a patient. The blue arrow represents a non-
local infection, whereas the red arrow represents a local infection. The tag indicates the epidemiological
information about the individual. (C) Sample map for case exportation from California, the United States
to Nevada, the United States.



Figure 2

Number of cumulative deaths worldwide by May 1, 2020. (A)Number of cumulative deaths caused by
COVID-19 from February 1, 2020 to May 1,2020. The colored curves represent the 97.5th percentile and
2.5th percentile of the number of cumulative deaths from each scenario; the colored areas represent 95%
prediction interval. The bold line is the actual number of cumulative deaths worldwide. Red, purple, light
purple, yellow, blue, sky blue, pine green, green, and light green represents the emergence of the �rst case
of COVID-19: September 1, 2019, September 8, 2019,September 15, 2019, September 22, 2019, October 1,
2019, October 8, 2019, October 15, 2019, October23, and November 1, 2019, respectively. (B) The number
of cumulative deaths resulted from the simulation when changing the date of the emergence of the �rst
case of COVID-19. The horizontal blue line represents the actual number of cumulative deaths on May 1,
2020; the vertical droplines represent 95% prediction interval. The x-axis represents the date of the
emergence of the �rst case. The �gures are on a logarithmic scale.



Figure 3

Detailed number of cumulative deaths in the eight major epicentres. Number of cumulative deaths
resulted from 50 realisations from �ve scenarios with different dates of the emergence of the �rst case in
the eight major epicentres (United States, United Kingdom, Spain, Germany, Belgium, France, Canada, and
Italy). The bold lines represent the actual number of cumulative deaths; the dash line is the trial resulting
in a median number of cumulative deaths; the transparent line represents one realisation. Scenarios
where the actual number of cumulative deaths is not within the 2.5th to 97.5th percentile of the
simulation result (September 1, 2019, September 8, 2019, October 23, 2019, November 1, 2019) were
excluded for clarity issues. The actual number of cumulative deaths is not within the 95% prediction
interval if it is not inside the interval between the trial with the greatest number of cumulative deaths and
the trial with the lowest one.



Figure 4

Dates of the �rst death in 155 countries. (A) Dates of the �rst death caused by COVID-19 in 155 countries
around the globe (that have COVID-19 death cases); the countries are categorized into Europe, North
America and South America, Africa, and Asia and Oceania based on their continents. The points on the
bold line represent the actual date of the �rst death in the countries. Each y-value on the colored line
represents the date of the �rst death in these countries from the trial that resulted the median number of
cumulative deaths from each scenario with different dates of the emergence of the �rst case. The
countries are sorted by the date of the �rst death from the simulation when September 1 is date of the
emergence of the �rst case. Red, purple, light purple, yellow, blue, sky blue, pine green, green, and light
green represents the emergence of the �rst case of COVID-19 on September 1, 2019, September 8, 2019,
September 15, 2019, September 22, 2019, October 1, 2019, October 8, 2019, October 15, 2019, October 23,
and November 1, 2019, respectively. (B) The average Pearson product-moment correlation coe�cient
between the date from the simulation and the actual date in four geographical divisions. The transparent
green line represents the correlation coe�cient in Africa after removing the outliers (Namibia, Lesotho,
and Uganda). (C) The global correlation coe�cient before and after removing the outliers. The x-axis
represents the date of the emergence of the �rst case of COVID-19. The light purple curve represents the
trendline.
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