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The first reported case of COVID-19 in Canada was on January 27, 2020 in a traveller returning from Wuhan (1). During 2020 and 2021, the Government of Canada (GoC) implemented multiple types of international border measures as summarised in Figure 1 of the main manuscript (2-8).
[bookmark: _Toc145004398]Modelling details
The model estimates the expected number of air passengers infected with SARS-CoV-2 arriving in Canada by country of departure, destination airport and variant based on: 1) air travel volumes, 2) traveller groups: a) reason for travel (essential or non-essential), b) nationality (Canadian citizen and residents or foreign nationals), and c) vaccine status (unvaccinated, partially or fully vaccinated with GoC, or non-GoC vaccines), 3) natural immunity and vaccine coverage, 4) case under-reporting from country of travel origin, and 5) country-specific daily probabilities of infection. 
[bookmark: _Toc145004399]Adjustment to CBSA air travel volumes
Daily air travel volumes expected into Canada were provided by the Canadian Border Services Agency (CBSA) from the Advanced Passenger Information (API) database (9). While these data describe the expected travel volumes to all airports in Canada from the country of departure (i.e. the country from which travel to Canada was initiated), they are not the actual count of arriving passengers, and may overestimate the actual travel volume due to cancelled, delayed, or missed flights. To correct for this overestimation, the weekly percent reduction (ranging between 14-30% (Table A1)) between the overall API travel volume and the actual number of travellers who entered Canada by air (derived from passage data provided by the CBSA) was applied uniformly to the API travel volume for each country of departure. 
[bookmark: _Toc158965716]Table A1. Weekly scaling factor describing the percent reduction in Canadian Border Services Agency (CBSA) travel volumes between July 11-November 27, 2021 (9). 
	Date
	Scaling factor (%)
	Date
	Scaling factor (%)

	July 11
	28
	September 19
	18

	July 18
	29
	September 26
	18

	July 25
	28
	October 3
	17

	August 1
	27
	October 10
	16

	August 8
	22
	October 17
	16

	August 15
	22
	October 24
	17

	August 22
	20
	October 31
	17

	August 29
	19
	November 7
	16

	September 5
	19
	November 14
	15

	September 12
	18
	November 21
	14
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Essential and non-essential travellers
The number of entries for non-essential travellers into Canada reported in the ArriveCan and ContactTrace data collection platforms (10, 11), as well as CBSA travel volume, was used to calculate the weekly and country-specific proportion of non-essential travellers (Eq. 1), which ranged from 77-89% between July 11 and November 27, 2021.  


Using similar methodology to Johansson et al. (12) and test sensitivity parameters of the molecular pre-departure test informed by (13) (i.e. 90% of detecting an infection with 104 copies/ml), the modelled test sensitivity for non-essential travellers, se, was set at 60% to account for variation in the sensitivity with respect to time since infection.
Canadian and foreign residents
The weekly proportions of Canadian and foreign residents were calculated differently for essential and non-essential travellers. For essential travellers, the issuing country of the travel document presented at the time of ticket purchase from the CBSA’s API database was used as a proxy to calculate the country-level proportion of Canadian and foreign residents. For non-essential travellers, travellers in the ArriveCan and ContactTrace databases who indicated that they were “returning to Canada” were defined as Canadian residents, while all other travellers were proxied by the term foreign resident.   
Vaccination status
Travel groupings by vaccination status (unvaccinated, partially or fully vaccinated) for either GoC or non-GoC approved vaccines, were used to define vaccine effectiveness parameters and the probability of vaccine-acquired immunity in the model (described in the  “Traveller groups” and “Model formulation” sections of the manuscript, and “Post-infection and vaccination immunity” of this document). 
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We adapted the method by Wu et al. (2020) (14) to correct for underreporting in cases. In this method a semi-Bayesian probabilistic bias analysis estimates the actual number of cases in a region based on the population size, reported cases, and reported number of COVID-19 tests. We adapted the method to account for the temporal decrease in the susceptible population due to increasing cumulative case counts and the time-varying vaccine coverage. Finally, a correction factor,, for a given country  during a specific time period  could be calculated by dividing the number of estimated cases by the number of reported cases. 
Daily country- and state-specific data on the number vaccinated (15-17), the number tested (15, 16, 18, 19), and the number of new cases (15, 16, 19, 20) were used to calculate the from March 2020 onwards. Linear interpolation was used to estimate the number tested or vaccinated in the case of missing data. As described in (14), the estimation method provides unstable results for settings with low testing rates. To circumvent this issue and since substantial data was unavailable early in the pandemic, the data were aggregated from March-August 2020, and in one-month intervals thereafter.
The susceptible population size for each time period for a given country c was calculated as a function of the 2020 population estimates () (15, 21, 22), the reported proportion protected against infection and the proportion of people successfully vaccinated (, see section “Post-infection and vaccination immunity”, Eq.3, and Table A2):
                                          (2)
In rare instances, the estimated   value was below 1, in which case a ratio of 1 was assumed. Based on a visual exploration of the estimated values, a maximum threshold value of 80 was chosen and any estimated value above this threshold was discarded. Any missing  values due to data filtering with respect to the threshold or insufficient data were replaced with the median value across all available  for the respective country or state, whenever possible. 
For countries that did not have case, testing or vaccination data, a regression modelling approach was used to impute their  value. The optimal model structure was determined by regressing the available  estimates on the following country-specific predictors: a) Detection and Reporting score (DRS) from the 2019 Global Health Security index  ((23); as a measure of the capacity of the country to detect and report infectious disease cases), and b) the 2019 Growth National Income (GNI) (24) per capita (as a proxy for the effectiveness of the surveillance system to detect, test and report COVID-19 cases). The functional form of the variables was derived with the response variable and it was verified that they did not violate model assumptions of linearity. The regression model was run for each time period between March 2020 and February 2021, and the average Akaike’s information criterion (AIC) for the entire period was computed.  The best model was selected as having the lowest mean AIC and residuals that conformed to the parametric distribution. The predictor in the final model was a log-transformed value of GNI per capita.
The quality in the estimated number of true cases was visually assessed against other modelled estimates on case counts from Medical Research Council Centre for Global Infectious Disease Analysis and the Institute for Health Metrics and Evaluation {Institute for Health Metrics and Evaluation (IHME), 2022 #136}{Institute for Health Metrics and Evaluation (IHME), 2022 #136}(15, 25, 26){Institute for Health Metrics and Evaluation (IHME), 2022 #136}. For the visual assessment we selected 12 countries that ranged in their concordance with the other modelled estimates. We find there is generally good agreement between our estimated number of true cases, given the , and other published counts  (Figure A1).
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[bookmark: _Toc102139737][bookmark: _Toc158965714]Figure A1 Estimates of the “true” case counts using a Bayesian method developed for this study compared to estimates from two published “S-E-I-R” models (from Imperial College London and Institute for Health Metrics and Evaluation) for select countries between March 2020 and December 2021.
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The probability of a traveller importing infection into Canada from country of departure  depends in part on whether they have acquired protection from a previous infection or vaccination since the start of the pandemic. Assuming that previous infections provide complete immunity against re-infection, the proportion of people who are protected against infection on day d in a given country  due to a previous infection is equal to:

Where is the number of reported infections prior to day d,  is the time-varying country-specific case correction factor (see section “Underreporting correction factor”), and  is the 2020 population size in country . The probability that a traveller from country of residence  has acquired protection against infection in  on day  due to previous infection, , is equal to .
[bookmark: _Toc102121506]Conversely, vaccination was assumed to provide partial immunity against infection; vaccine effectiveness corresponds to the probability that a vaccinated individual develops complete immunity against infection (i.e. 0% probability of getting infected). The term “successfully vaccinated” is hereafter used to describe a traveller that has been vaccinated and has successfully developed immunity against infection given the vaccine effectiveness for the assumed vaccination status.  
To account for variability in the effectiveness between the vaccine candidates that were used across the world, it was assumed that the vaccine effectiveness against infection follows a normal distribution with a standard deviation of 1.5% (mean values are provided in Table A2). A slightly higher vaccine effectiveness was used for Canada and the United States of America (USA) since the majority of vaccines administered in these countries were of the type molecular ribonucleic acid (mRNA), which has been found to provide better protection than other vaccines (27). 
The proportion of people successfully vaccinated on day d in country  was assumed to be proportional to the vaccine coverage (, and vaccine effectiveness () by vaccine status (Table A2): 
                                                            
The vaccine coverage in each country was extracted from an openly available dataset (15). Given that data regarding vaccine status is available for non-essential travellers, the probability of these travellers being successfully vaccinated, , is equal to the vaccine effectiveness for the corresponding vaccine status in country  (Table A2). In contrast, the probability that an essential traveller from country of residence  successfully acquired protection against infection on or prior to day  due to vaccination, , is equal to . 


[bookmark: _Toc158965717]Table A2. Mean vaccine effectiveness, VE, against SARS-CoV-2 infection for non-essential and essential travellers given their country of residence and vaccine status (GoC-approval status and partially vs fully vaccinated).
	Vaccine status: GoC-approval
	Country of residence
	Assumption
	Vaccine status: doses received
	Mean VE estimate
	Reference

	Non-essential travellersⱡ

	Non GoC-approved

	a) All countries 

	Assumed to be equal to VE for AZ 
	Partially vaccinatedΔ
	0.30
	(27-29) 

	
	
	
	Fully vaccinated
	0.60
	(27-30)

	GoC-approved
	b) USA and Canada
	Assumed to be equal to VE for mRNA vaccines 
	Partially vaccinatedΔ
	0.35
	(29)


	
	
	
	Fully vaccinated
	0.82
	(29, 31)


	
	c) Non-USA foreign countries
	Assumed to be equal to the average of AZ VE (a) and mRNA VE (b)
	Partially vaccinatedΔ
	0.32
	calculated

	
	
	
	Fully vaccinated
	0.71
	

	Mixture of GoC- and non GoC-approved

	d) All countries 

	Assumed to be equal to the average of non GoC-approved VE (a) and GoC-approved VE (c)
	Fully vaccinated
	0.66
	calculated

	Essential travellers*

	Data unavailable

	e) USA and Canada

	Assumed to be equal to VE for mRNA vaccines (a)
	Partially vaccinated
	0.35
	(29)


	
	
	
	Fully vaccinated
	0.82
	(29, 31)


	Data unavailable 

	f) Non-USA foreign countries 

	Assumed to be equal to the average of non GoC-approved VE (a) and GoC-approved VE (c)
	Partially vaccinated
	0.31
	calculated

	
	
	
	Fully vaccinated
	0.66
	


AZ = Astrazeneca; GoC = Government of Canada; VE = Vaccine effectiveness
ⱡ The proportion of travellers in each vaccine status category were based on ArriveCan and ContactTrace
* The proportion of travellers in each vaccine status category were based on country-specific vaccine coverage data (15)
Δ Includes fully vaccinated travellers that received their second dose within 14 days of travel to Canada
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The daily probability of infection among susceptible individuals is a product of the number of new reported cases in country  on day d,, and the underreporting correction factor for the corresponding time period, , over the susceptible population (i.e. the proportion of the population that was not protected against infection due to previous infection (); Eq. 3) and/or vaccination ( ); Eq. 4) and the 2020 country-specific population size, ):  
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For the following analyses, it was assumed that day 0 represents the start of the pandemic and that day s is the day at which the individual travels from their country of departure to Canada (i.e. s is the number of days between the start of the pandemic and the travel date to Canada). All events (e.g. arrival in country  for CNDs, travel to Canada, and pre-departure testing) were assumed to take place at the start of the given day. The sum of the latent and infectious periods is represented by the parameter n in the equations below. 
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It is assumed that a CND that has developed immunity following vaccination or infection prior to the date of departure from Canada to country  cannot import infection from country . When the time spent in country  is less than the sum of the latent and infectious periods (i.e. ), the probability of a CND importing infection from country  into Canada on day s is equal to the probability of that person getting infected on any day during the trip, multiplied by the probability of not having been infected prior to the trip and not having been successfully vaccinated in their country of residence, Canada ():

When   , the probability of a CND importing infection from country  into Canada on day s is equal to the sum of the probability of not getting infected during  and the probability of getting infected in the country, recovering and becoming immune before departure multiplied by the probability of not having been infected in Canada prior to the trip and not having been successfully vaccinated in Canada:

[bookmark: _Toc103681167][bookmark: _Toc145004407]Foreign traveller infection probabilities
It is assumed that the time that a FT has spent in country  (i.e. time from the start of the pandemic to date) will always be larger than the sum of the latent and infectious periods (i.e. ). The probability of a traveller entering Canada infected is therefore equal to the probability of getting infected on any of the n days prior to travel to Canada, multiplied by the probability of not having been infected and not having been successfully vaccinated in country  prior to this n-day period. The probability of a FT travelling from country  to Canada on day s infected is therefore equal to:

[bookmark: _Toc102112320][bookmark: _Toc103681168][bookmark: _Toc145004408]Probability of importation: Non-essential travellers
For a non-essential traveller, infection is imported into Canada when a person travelling to Canada is infected on test day but has a false negative result or is not infected or immune on test day but gets infected during the remaining days prior to departure. The probability of a non-essential (NE) individual travelling by air from country  and arriving infected in Canada on day s is therefore equal to:

Where  is the probability of being infected on test day,  is the probability of getting a negative test result given infection on test day,  is the probability of not being infected on test day for a person that is not immune through vaccination or prior infection and   is the probability of becoming infected after the test day.
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It is assumed that a CND that has developed immunity following vaccination or infection prior to the date of departure from Canada to country  cannot import infection from country . 
When the time in country  is less than or equal to the sum of the latent and infectious periods (i.e.  ), the probability of a CND being infected on test day is equal to the probability of getting infected on any given day during tc before the test day multiplied by the probability of not having been infected and not having been successfully vaccinated in Canada prior to the trip (similar to Eq. 6):


The probability of not being infected on test day because the individual did not acquire infection on any day during the trip prior to the test and the person did not develop immunity through infection or vaccination in Canada prior to the trip to country  is:

The probability of acquiring infection on any of the remaining days of the trip prior to departure to Canada is:

Therefore, based on Eq. 9, when  , the probability of a CND importing infection from country  into Canada on day s is:

Which simplifies to:


When time in country  is larger than the sum of latent and infectious periods (i.e.  ), the probability of an individual being infected on test day (and remaining infectious on travel day to Canada) is equal to the probability of getting infected during the  days prior to the test given that the person did not get infected during the previous days of the trip (i.e. any day from the beginning of the trip to the n-day period prior to departure for Canada), multiplied by the probability of not having been infected in Canada prior to the trip and not having been successfully vaccinated in Canada (similar to Eq. 7):

The probability of not being infected on test day because the individual did not acquire infection on any day during the trip prior to the test, and the person did not develop immunity through vaccination or infection in Canada is:

The probability of acquiring infection on any of the remaining days of the trip prior to departure to Canada, , is represented in Eq. 12.
Therefore, based on Eq. 9, when  , the probability of a CND importing infection from country  into Canada on day s is:

Which simplifies to:
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The time that a FT spent in country , , is assumed to always be greater than the sum of the latent and infectious periods (i.e.  ). The probability of a FT being infected on test day (and remaining infectious on travel day to Canada) is equal to the probability of acquiring infection on any day during the  days prior to the test, multiplied by the probability of not having been infected and the probability of not having been successfully vaccinated in country  during any of the previous days (i.e. any day from the start of the pandemic to the n-day period prior to departure to Canada) (similar to Eq. 8):

The probability of not being infected on test day because the individual did not acquire infection on any of the  days prior to the test, and the person did not develop immunity through vaccination or infection in country  is:

The probability of acquiring infection on any of the remaining days of the trip after the test and prior to departure to Canada, , is represented in Eq. 12.
Therefore, based on Eq. 9, the probability of a FT importing infection from country  into Canada on day s is:

Which simplifies to:
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Model output was aggregated by variants of concern (VOC) and variants of interest (VOI) (Figure A2). The VOC and VOI data were downloaded from the GISAID EpiFlu™ Database (32) in accordance with the GISAID Access Agreement of data sharing terms (https://www.gisaid.org/registration/terms-of-use/). The GISAID data were used to define the proportion of travellers infected with circulating VOC and VOIs, for incoming travel to Canada, at the level of the country of departure. It was assumed the proportion of variants in the travellers were the same as reported in GISAID during a three-week period (which includes the week modelled and the two prior weeks). One limitation of this assumption pertains to sampling bias that might occur if sampling efforts were targeted – for example: sequencing people who had 1) recently travelled internationally and returned infected with SARS-CoV-2; 2) had close contact with someone returning infected from international travel; 3) visited or live in areas with unusual or unexpected increases in incidence of COVID-19 cases; and 4) become infected with SARS-CoV-2 after being recently vaccinated. We could not account for error from targeted sampling because the purpose of GISAID database was to report on the spatial distribution of sequenced SARS-CoV-2 variants and not provide information associated to the samples concerning surveillance objectives or individual travel history and exposure location. Another limitation of using the GISAID data was that the number of samples sequenced may have been insufficient to represent the national profile of variants. We could reduce error from low sampling effort by restricting VOC and VOI model outputs to countries with at least 20 sequenced samples. In summary, the model output estimates for VOC and VOI could still contain error from target sampling and low sampling effort. 

	


[bookmark: _Toc158965715]Figure A2: Distribution of imported variants among the top ten countries most at risk of COVID-19 importation per week.
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