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supplementary material document are referred to as SM section S2.1 or SM Figure S2. 

 

S1 Calculations of proximity-index-patient based probability and saloon average 

probability 

 

S1.1 Seating location of index patients 

In the supplementary material [S2] to Hu et al. [S3], the number of confirmed SARS-CoV-2 

cases (227), and the number of susceptibles seated at various distances from the index patients, 

are presented in Table S1 of Hu et al [S2]. This suggests that there were 2605, 1996, 1845, 

1825 and 1028 susceptible passengers seated in the same row but adjacent to the index patient: 

two-, three-, four- and five- seats away from the index patient, respectively. In their analysis, 

the cabin aisle is treated as a seat when the distance between a susceptible and an index patient 

is measured. Let the number of index patients at Seat A, B, C, D, and F be a, b, c, d, and f 

respectively. There are 2605 susceptibles within the same row and seated adjacent to the index 

patients.  Then, if the index patient is seated in the: 

• A seat, there is one adjacent seat (B).  

• B seat, there are 2 adjacent seats (A and C).  

• C seat, there is only one adjacent seat (B; note D is not adjacent to C).   

• D seat, there is only one adjacent seat (F; note C is not adjacent to D). 

• F seat, there is only one adjacent seat (D). 

 

As there are 2605 susceptibles adjacent to index patients, this means: 

 

a + 2b + c +  d + f = 2605 

 

There are 1028 susceptibles in the same row of the index patients but seated five-seats away. 

Then if the index patient is seated in the: 

• A seat, there is only one location 5 columns from A (F). 

• B, C, or D seats, there are no locations 5 columns from these seats.  

• F seat, there is only one location 5 columns from F (A).  
 

a       + f = 1028 

 

Similarly, the following set of equations can be derived: 

 

a + 2b + c + d + f = 2605 
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a +   2c + d   = 1996 

  b + c + d + f = 1845 

a + b +   d + f = 1825 

a +       f = 1028 

 

The approximate integer solution of the above equations is a=480; b=280; c=500; d=517; 

f=548. This results in the following: 

 

• SEAT A: 480 index patients located on this seat. 

• SEAT B: 280 index patients located on this seat. 

• SEAT C: 500 index patients located on this seat. 

• SEAT D: 517 index patients located on this seat. 

• SEAT F: 548 index patients located on this seat. 

 

The solution assumes that all the seats were occupied.  This assumption is probably valid as 

the time period for the data collection is during the peak travel period corresponding to Chinese 

New Year. The total number of index patients is given by a + b + c + d + f = 2325.   However, 

the paper reported that there were 2334 index patients on the G-train.  Furthermore, it is 

reported that there were 234 secondary case on the G-train, but from Table S1 of Hu et al. [S2], 

there are only 227 listed.  Also, there are 71,531 close contacts listed in Table S1 Hu et al. [S2], 

but it is reported that there were 72,093 close contacts. It is therefore assumed that the other 

index patients, secondary cases and close contacts were not travelling within the carriages used 

in the analysis.  

 

S1.2 Proximity based probabilities 

Hu et al. [S3] proposed infection probabilities (IPs) based on proximity to the index patient.  

The MP [S1] attempts to predict these probabilities using coupled Wells-Riley and 

computational fluid dynamics modelling (WR-CFD).  For the WR-CFD IPs to equate to the 

IPs presented in Hu et al. [S3], five proximity-based IPs must be assessed. These are the IPs 

associated with the following situations: adjacent in the same row, not adjacent but in the same 

row, one row away, 2 rows away and 3 rows away from the index patient. 

 

It is assumed that the modelled index locations 6A, 6B, 6C, 6D, and 6F, are representative of 

all seats in seat columns A, B, C, D, and F respectively (see SM section S1.3).  This assumption 

implies that the average probability within one particular row will be the same for any other 

row.  

 

Adjacent: 

 

The average IP due to being adjacent to an index case is given by:  

 

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡

= 𝑊𝐵𝑃𝐵→𝐴 + (𝑊𝐴𝑃𝐴→𝐵+𝑊𝐶𝑃𝐶→𝐵) + 𝑊𝐵𝑃𝐵→𝐶 + 𝑊𝐹𝑃𝐹→𝐷 + 𝑊𝐷𝑃𝐷→𝐹 

𝑊𝑋 = 𝑥/(𝑎 + 2𝑏 + 𝑐 + 𝑑 + 𝑓) 
 

Where x=a, b, c, d, f; 𝑃𝑥→𝑦 is the probability of an index case in location X infecting a susceptible at 

Y and 𝑊𝑥 is the relative weight of the index at location X (See Table S1).    

 

 

 

 



 

 
 

On same row but not adjacent: 

 

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑛𝑜𝑛−𝑎𝑑𝑗𝑎𝑐𝑒𝑛𝑡

= (𝑊𝐶𝑃𝐶→𝐴 + 𝑊𝐷𝑃𝐷→𝐴+𝑊𝐹𝑃𝐹→𝐴) + (𝑊𝐷𝑃𝐷→𝐵+𝑊𝐹𝑃𝐹→𝐵)

+ (𝑊𝐴𝑃𝐴→𝐶 + 𝑊𝐷𝑃𝐷→𝐶 + 𝑊𝐹𝑃𝐹→𝐶) + (𝑊𝐴𝑃𝐴→𝐷 + 𝑊𝐵𝑃𝐵→𝐷+𝑊𝐶𝑃𝐶→𝐷)
+ (𝑊𝐴𝑃𝐴→𝐹 + 𝑊𝐵𝑃𝐵→𝐹+𝑊𝐶𝑃𝐶→𝐹) 

 
𝑊𝑋 = 𝑥/(3𝑎 + 2𝑏 + 3𝑐 + 3𝑑 + 3𝑓) 

 

Being n rows away: 

 

𝑃𝑎𝑣𝑒𝑟𝑎𝑔𝑒
𝑛−𝑟𝑜𝑤 = ∑ ∑ 𝑊𝑋𝑃𝑋→�́�

𝑋=𝐴..𝐹�́�=�́�..�́�

 

 

𝑊𝑥 = 0.1𝑥/(𝑎 + 𝑏 + 𝑐 + 𝑑 + 𝑓) 

 

Where �́� is a seat n rows (ahead and behind) away from the row of index cases. 

 

Table S1. Weights of individual probabilities for calculation of proximity-based probabilities. 
 Weights 

WA WB WC WD WF 

Adjacent 0.184 0.107 0.192 0.198 0.210 

Same row as the index 

patient but not 

adjacent 

0.072 0.042 0.075 0.077 0.082 

One, or two, or three 

rows from the index 

patient 

0.021 0.012 0.022 0.022 0.024 

 

S1.3 Independence of seat row 

Throughout the analysis in the MP it is implicitly assumed that the seats in row 6 are 

representative of all the rows.  To verify this assumption, additional CFD simulations were 

conducted, with the index patient located in row 13.  Two index seating locations were selected, 

one with the index patient located in the D seat and another with the index patient located in 

the F seat.   

 

As in the MP Section 4, the IPs were determined for an 8-hour exposure assuming that the 

index patient is located in the identified seats for the following five spatial separations from 

the index patient: i.e. adjacent seat; same seat row excluding adjacent; one-; two-; and three- 

seat rows away. The resulting IPs for a lone index patient located in seat 6D or 13D, and seat 

6F or 13F are presented in Table S2.   

 

Table S2:  Predicted IPs during 8-hour exposure for an index patient in either 6D or 13D and 

6F or 13F. 
IP (%) Index patient seat and row location 

6D 13D 6F 13F 

Adjacent 10.6 10.9 16 20.1 

Same row 0.5 0.5 0.5 0.5 

1 row away 2.84 2.88 3.63 3.59 

2 rows away 1.37 1.45 1.65 1.67 

3 rows away 0.81 0.95 0.92 1.05 

 



 

 
 

As can be seen, the IPs are very similar irrespective of the seat row, resulting in similar 

conclusions concerning susceptibility of surrounding passengers.  This supports the assumption 

that results are independent of seat row. However, it should be noted that the ends of the saloon 

are likely to produce regions of stagnant air potentially increasing the IP for those seated there, 

especially if the index patient is also located in the end region. 

 

S2 Quanta generation rate 

Within the analysis presented in the MP, the IP for COVID-19 on G-trains is dependent on the 

quanta generation rate, which is unknown.  It is thought to be dependent on the variant of the 

SARS-CoV-2 virus causing the infection, the degree of infection of the index patient and the 

nature of the activity they are involved in, e.g. breathing while resting, breathing while involved 

in light/heavy activity, vocalisation volume, etc.  As a result, a wide variety of quanta 

generation rates are suggested or derived from data for various COVID-19 transmission events 

reported in the literature [S4-S9] varying from the order 100 to 102 quanta/h.  Passengers seated 

on a train are assumed to be at a low activity level, generally in the ‘rest state’.  Furthermore, 

quanta generation rates based on observational data must take into account the time and 

location from when they are derived as the virus variant involved will have an impact on quanta 

generation rates and hence suitability for use in simulations.  The analysis in the MP refers to 

infection incidents in the beginning stages of the pandemic as do the sources quoted for the 

quanta generation rates.  

 

The quanta generation rate used in the IP analysis in the MP is 14 quanta/h.  This value is based 

on the minimum quanta generation rate determined in a study of several COVID-19 infection 

events in public spaces such as classrooms within China [S4].  Further support for the use of 

this quanta generation rate is derived from an analysis of epidemiological data of COVID-19 

cases and close contacts among 9,265 airline passengers on 291 airplanes conducted by Hu et 

al. [S10]. This work suggests that the seat adjacent to the index patients had the highest risk, 

with an IP of 5.7%-14.4% (average of 9.2%), for 177 flights departing from Wuhan (China) 

with an average travel time of 2 hours. A theoretical study of inflight transmission of COVID-

19 based on experimental dispersion data suggests that maximum calculated IPs, of between 

4.5% and 16.5%, are produced in a 2-hour flight with quanta generation rates of 5 quanta/h and 

20 quanta/h, respectively [S11]. This suggests that quanta generation rates of 5-20 quanta/h 

may be representative of those at the time of the investigated inflight transmission events [S10]. 

As the investigated inflight transmission events [S10] occurred over the same time period as 

the train transmission events [S3], the identified quanta generation rates of 5-20 quanta/h may 

also be appropriate for the investigated train transmission events.  However, it is noted that the 

identified quanta generation rates assume that disease transmission is solely due to aerosols. 

Contact transmission and droplet transmission are not considered. Therefore, if disease 

transmission were actually caused by a combination of these other modes, the identified quanta 

generation rates would be less. There is no definitive evidence showing that aerosol/airborne 

transmission was the only cause of the investigated inflight infections [S10] but sources, such 

as the Centers for Disease Control (CDC) in the USA, now suggest that aerosol transmission 

is likely to be the dominant form of transmission [S12, S13] with fomite transmission 

representing less than a 1 in 10,000 risk of infection [S12, S14, S15]. Furthermore, the 

statistical inflight IPs are based on the assumption that the index patient and secondary 

infections were independent travellers [S10]. 

 

Further evidence supporting 14 quanta/h generation rate is derived from Buonanno et al. [S5].  

They defined a number of quanta emission rate frequencies for breathing (resting), speaking 

(light activity), singing/speaking loudly (light activity).  The speaking and speaking loudly 



 

 
 

emission rates are adjusted for a resting breathing rate by multiplying by a scaling factor of 

0.3551 (resting breathing rate (0.49 m3/h) divided by the light activity breathing rate (1.38 

m3/h)).  The adjusted rates are presented in Table S3. 

   

Table S3. The percentile distribution of quanta emission rates (quanta/h) for breathing, 

speaking, and singing as defined by Buonanno et al. and adjustments for speaking 

distributions while at rest. 
Quanta emission 

rate type 

5th 25th 50th 75th 90th 95th 99th 

Breathing 0.024 0.12 0.37 1.1 3.1 5.7 17 

Speak(original) 0.32 1.6 5.0 15 42 76 240 

Speaking* 0.11 0.57 1.8 5.3 14 26 85 

Singing/speaking 

loudly (original) 

2.1l 10 32 98 270 490 1500 

Speaking* (loud) 0.75 3.6 11.4 34.8 95.9 174 532 

*the original values were based on light activity; these have been adjusted for a resting 

breathing rate. 

 

From this study, there is a wide range of quanta generation rates while at rest, which vary from 

0.024 quanta/h to 532 quanta/h (see Table S3).  The 14 quanta/h quanta generation rate adopted 

in [S1] is: 

• Between the 95th and 99th percentiles of breathing at rest, 

• Representative of the 90th percentile while normal speaking at rest, 

• Between the 50th and 75th percentile while speaking loudly at rest. 

 

Finally, it is also noted that the quanta generation rates, reviewed here, are specific to early 

variants of SARS-CoV-2.  Newly reported variants of SARS-CoV-2, such as the B1.1.7 

mutation [S16] – which until early 2021 was the dominant strain of the virus in the UK [S17], 

and reported to have been detected in 55 other countries [S18] around that time, and the B1.351 

variant first detected in South Africa, are reported to be more transmissible [S17].  The B1.1.7 

variant is reported to be between 40% and 70% more transmissible than the original variant 

[S16].  At the time of writing (June 2021), the dominant strain of the virus within the UK is the 

B.1.617.2 variant first detected in India [S19] and this is reported to be between 26% and 115% 

more transmissible than the B1.1.7 variant [S20, S21] with PHE suggesting an average of 64% 

more transmissible [S21]. Quanta generation rates associated with these strains are likely to be 

significantly greater than previously reported for the original SARS-CoV-2 variant.  It is noted 

that Burridge et.al. have suggested that scaling the quanta generation rate by the transmission 

increase factor is one approach of dealing with more transmissible variants [S22]. 

 

S3 Derivation of Equation (9) in the MP 

 

Here MP-equation (9) used for the calculation of the quanta concentration at the inlet of the 

saloon ventilation system at steady state is derived. According to the quanta transport paths in 

MP-Fig. 4, the quanta concentration at the inlet is: 

  

𝐶 =
𝛼𝑦(1−𝜂)

𝑄
                                                                                       (S1)  

 

This assumes that q is the quanta generation rate from an index patient. At steady state (i.e. 

total quanta rate into the saloon = total quanta rate out of the saloon), it will be the case that: 

 



 

 
 

𝛼𝑦(1 − 𝜂) + 𝑞 = y                                                                           (S2)  

 

From Equation (S2), 

 

𝑦 =
𝑞

1−𝛼+𝛼𝜂
                                                                                       (S3) 

 

Combining Equations (S1) and (S3), results in Equation (S4), which is MP-equation (9): 

 

𝐶 =
𝛼𝑞(1−𝜂)

(1 − α +𝜂𝛼)𝑄
                                                                                   (S4)                

 

S4 Mesh sensitivity analysis 

 

Before undertaking a mesh sensitivity analysis, an appropriate time step size is determined. 

Using a mesh budget of 2,245,320 (378×60×99) cells, three different time step sizes were 

considered, 0.25 s, 0.5 s and 1.0 s. It is noted that at the quasi steady state, the simulations using 

the three time step sizes produce almost identical quanta concentration distributions in the 

horizontal cutting plane at nose height (see Fig. S1). However, given the high flow speeds 

generated by the ventilation, the 0.5 s time step was adopted for the analysis presented in this 

paper to improve computational stability. 

 
Fig. 1 Predicted quanta concentrations (quanta/m3) in a horizontal cutting plane at nose height 

produced using three computational time steps (0.25 s, 0.5 s and 1.0 s). 
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Time step size: 0.25 seconds 



 

 
 

To assess the mesh sensitivity of the CFD simulations, three mesh density cases were 

considered for ventilation scenario 1: coarse, with 1,095,444 (378×46×63) cells; medium with 

2,245,320 (378×60×99) cells and fine, with 5,091,240 (399×88×145) cells. Fig. S2 shows the 

mesh distribution within the computational domain for the medium mesh density case. A 

structured mesh was used to model the interior of the saloon.  The mesh was divided into 

several blocks of cells describing various components within the geometry e.g. seats, 

passengers, etc.  The cell distribution within each block of cells was uniform. A number of 

preliminary simulations were undertaken to establish that good convergence could be achieved 

for the structured mesh when relatively fine meshes were used in blocks around passengers’ 

mouth/nose; around the seat bottom and seat back.  The cell sizes in the medium mesh density 

case (the mesh used in the simulations presented in the paper) are between 0.013 m and 0.05 

m.  

 

 
(a) Cross section view 

 

 
(b) Longitudinal view 

 

Fig. S2 Saloon mesh distribution for the medium mesh density case (a) Cross section view 

and (b) Longitudinal view. 

 

The additional cells introduced into the medium and fine mesh cases are primarily distributed 

through the width and height of the saloon. The mesh sensitivity analysis focuses on the 

variation of the flow pattern, quanta distribution, velocity profile and IP as the mesh density 

increases. As seen in Fig. S3(a-c), the three different mesh resolutions produce quite similar 

air circulation flows. Furthermore, the simulated quanta concentration distributions are similar, 

as shown in the three mesh cases (see Fig. S4(a), Fig. S4(b) and MP Fig. 8). 

 

The longitudinal-, vertical- and transverse- velocity components at the horizontal line through 

the target volume of seat 6A, 6B, 6C, 6D and 6F are depicted in Fig. S5. The velocity along 

the longitudinal and vertical directions for the three mesh cases are quite similar (see Fig. S5(a) 

and S5(b)). However, there are relatively large differences in transverse velocity at 0.75 m and 

2.75 m locations among the three mesh cases (see Fig. S5(c)). These two locations are in the 

vicinity of the vortexes of the recirculation regions as seen in Fig. S3.  Clearly, the medium 



 

 
 

mesh provides a closer agreement to the structure and location of these vortices as predicted 

by the fine mesh than that provided by the coarse mesh.   

 

 
(a) Coarse mesh 

 
(b) Medium mesh 

 
(c) Fine mesh 

Fig. S3. Predicted velocity distribution in the vertical plane 0.1 m from the face of passengers 

in seat row 6 for the (a) coarse, (b) medium and (c) fine mesh cases. 

 

The estimated IPs based on the CFD analysis for the A and C seat columns are presented in 

Fig. S6(a) and Fig. S6(b) respectively, while the estimated IP along seat row 5 and seat row 6 

are presented in Fig. S6(c) and Fig. S6(d) respectively. In these cases, the index patient is 

located in seat 6C.  As can be seen from these figures, the predicted IP curves follow the same 

trends and with similar values for the three mesh cases. It is noted that the coarse mesh produces 

a poorer representation of the predicted IP in Row 5 (see Fig. S6(c)), the row immediately 

behind the row containing the index patient.  

 

 



 

 
 

 

 
(a) Coarse Mesh 

 
(b) Fine Mesh  

Fig. S4. Predicted quanta concentrations (quanta/m3) in a horizontal cutting plane at nose 

height for the (a) coarse and (b) fine mesh cases. 

 

 
(a) Longitudinal velocity (U velocity) 

 

 
(b) Vertical velocity (V velocity) 



 

 
 

 

 
(c) Transverse velocity (W velocity) 

 

Fig. S5. Velocities along a transverse line passing through the target volumes in Row 6 for 

the fine, medium and coarse mesh cases in the (a) longitudinal; (b) vertical and (c) transverse 

coordinate directions. 

 

As in the MP Section 4, the IP for an 8-hour exposure assuming that the index patient is located 

in seat 6C for the following five spatial separations from the index patient: i.e. adjacent seat; 

same seat row excluding the adjacent seat; one-; two-; and three- seat rows away were 

determined using each of the three mesh refinements (see Table S4).  As can be seen, all three 

mesh refinements produce similar values, with the medium mesh generally producing values 

closer to those produced by the fine mesh.  

 

Table S4: IPs during 8-hour exposure determined for the three mesh refinements (Index 6C). 
IP (%) Mesh 

Coarse Medium Fine 

Adjacent 24.9 25.3 28.4 

Same row 4.67 4.47 4.34 

1-row 3.00 3.22 3.42 

2-row 1.40 1.29 1.44 

3-row 0.79 0.80 0.81 

 

While all three computational meshes produced results with similar flow patterns, quanta 

concentration distributions and calculated IPs, the absolute values for the predicted IP produced 

by the medium mesh were more consistent with that produced by the finer mesh.  Thus, while 

all three meshes would lead to the same broad conclusions, particularly in terms of relative 

effectiveness of the mitigation strategies explored, the medium mesh was considered 

appropriate for the study presented in the MP.   



 

 
 

 
(a) IP in seat column A 

 
(b) IP in seat column C 

 
(c) IP in seat row 5 

 
(d) IP in seat row 6 

 

Fig. S6. Estimated IPs measured from Row 6 for, (a) locations along seat column A, and (b) locations along seat column C; and at locations 

measured from the A seat in (c) Row 5 and (d) Row 6. Note, the index patient is located in seat 6C. 



 

 
 

S5 Temperature and air flow 

 

The nature of the predicted temperature and flow field are briefly discussed in this section.  As 

noted in MP-Section 6, the precise nature of the G-train ventilation ducts are unknown and the 

representation of the inlet/outlet ducts in this analysis is an extreme simplification of the actual 

situation on G-trains.  Thus, the results presented in the paper should not be taken as an accurate 

representation of the situation on the actual trains.  At best, the results are indicative of the 

differences that may occur for the different types of ventilation configuration.  However, it is 

important to consider the nature of the flow dynamics that result from the different ventilation 

conditions examined as these can explain the broad differences in quanta dispersion observed 

in the various scenarios. 

 

The body heat released from each of the simulated passengers generates a buoyancy driven 

thermal plume air flow around each passenger (see Fig. S7). However, the air injected from the 

side wall inlets, in ventilation Scenario 2, prevents the relatively warm rising air to spread past 

the luggage racks to the ceiling.  However, as seen in Scenario 1, with ventilation inlets located 

in the ceiling above the aisle, the warm air plumes – rising from the passengers – can spread 

past the luggage racks to the ceiling.  

 

 
(a) Scenario 1 

 
(b) Scenario 2 

  

 
(c) Scenario 1 

 
(d) Scenario 2 

 

Fig. S7. Steady state temperature ((a) and (b)) and velocity distributions ((c) and (d)) in the 

vertical plane passing through the passengers at seat row 6 for ventilation Scenario 1 ((a) and 

(c)) and Scenario 2 ((b) and (d)) with Index patient located at 6C. 



 

 
 

The flow fields for both scenarios are asymmetrical, primarily driven by the asymmetries in 

the saloon geometry (see Fig. S8, Fig. S9 and Fig. S3(b)). In Scenario 1, with a strong ceiling 

air injection vent, the downward flow in the aisle essentially splits the saloon into two sections 

– behaving like an air curtain along the saloon aisle (see Fig. S3(b) and Fig. S8(a)).  On the 

right side (i.e. seats D and F), when looking down the saloon from front to back, there is an 

anticlockwise recirculation region over the passenger seated in seat D and seat F (see Fig. 

S3(b)). 

 

If an index patient is seated in window seat F, the released quanta will be carried towards the 

face of the passenger in seat D. However, if an index patient is seated in aisle seat D, the 

released quanta follow two predominant flow paths, with part of the flow following a slanting 

upwards jet leaning towards the aisle, which then turns down towards the floor of the aisle.  

The second flow path follows an anticlockwise recirculation carrying a proportion of the 

emitted quanta towards the face of the passenger in window seat F.  This explains why the IP 

for the susceptible in seat 6D is greater than that for the susceptible located in seat 6F (See MP-

Section 5.2 Table 2d and Table 2e).   

 

On the left side (seats A, B and C), there is a clockwise recirculation region over the three 

passengers approximately centred over seat B (see Fig. S3(b)). If the index patient is seated in 

seat C, the released quanta will flow towards the face of the passenger in seat B and then on 

towards the passenger in seat A due to the clockwise circulation flow. However, the passenger 

located in seat B experiences a stronger flow (centre of recirculation region offset towards seat 

C) and so has a higher IP (25.3%) than the passenger located in seat A (12.1%) (See MP-

Section 5.2 Table 2c).  If the index patient is in seat A, the released quanta follows a slanting 

upwards jet over the head of the passenger in seat B and onto the passenger in seat C.   

 

 
A               B                 C                                     D                F 

(a) Scenario 1 



 

 
 

 
A               B                 C                                     D               F 

(b) Scenario 2 

Fig. S8. Velocity distribution in the vertical plane 0.1 m behind the seat back of row 6 in (a) 

ventilation Scenario 1 and (b) Scenario 2 with Index patient located at 6C. 

 

This results in the passenger in seat C having a slightly higher IP (14.7%) than the passenger 

in seat B (11.0%) (See MP-Section 5.2 Table 2a). Based on the recirculation flow in Fig. S3(b), 

if the index patient is located in seat B, then the passenger located in seat C will have a higher 

IP (15.8%) than the passenger in seat A (6.7%), due to the nature of the clockwise recirculation 

flow (See MP-Section 5.2 Table 2b).  Thus, the pattern of air flows established in the saloon, 

due to the ceiling inlet, explains the nature of the IP distribution and, in particular, the location 

of the seats with maximum IP and why index patients located in seat C produce the highest 

maximum IP.    

 

 
A                B                C                                    D                F 

Fig. S9. Velocity distribution in the vertical plane 0.1 m from the face of passengers in seat 

row 6 in Scenario 2 with Index patients located at 6C. 



 

 
 

 

In contrast to Scenario 1, the side wall inlets in Scenario 2 cause the flow to cross the aisle, 

causing released quanta to be distributed to both sides of the saloon. As seen in Fig. S8(b), 0.1 

m behind the seat back in Row 6, the jet flow from the side wall on the two-seat block side 

crosses the aisle and is directed down towards the seat base of the three-seat block. In contrast, 

Fig. S9 depicts the flow in the vertical plane at 0.1 m from the passenger face in seat Row 6 

(0.3 m ahead of the seat back in Row 6). In this plane, the flow crosses the aisle from the three-

seat block side to the two-seat block following the approximate path indicated by the black 

arrows. Scenario 2 produces a clockwise recirculation region just over seat A and seat B. If an 

index patient is seated at seat A, the small clockwise recirculation flow directs the released 

quanta towards the face of the passenger in seat B. However, if an index patient is seated in 

seat C, the released quanta will be initially directed towards the lap of the passenger in seat C 

and then across to seat A and upwards. This results in the passenger in seat A having a slightly 

higher IP (13.2%) than the passenger in seat B (12.1%) (See MP-Section 5.1 Table 2h).  

 

As in Scenario 1, on the two-seat block side, there is an anticlockwise recirculation region over 

the passenger seated in seat D and seat F (see Fig. S9) with its centre slightly off-set towards 

seat D. If an index patient is seated in window seat F, the released quanta will initial be carried 

upwards and then down towards the face of the passenger at seat D. However, if an index 

patient is seated in aisle seat D, the released quanta are initially directed downwards and then 

diverted upwards due to the recirculation. As the centre of recirculation region is offset towards 

seat D, only part of the emitted quanta are carried towards the face of the passenger in window 

seat F. This explains why the IP for the susceptible in seat 6D (19.0%) is greater than that for 

the susceptible located in seat 6F (12.9%) (See MP-Section 5.1, Table 2i and 2j).  Therefore, 

for ventilation Scenario 2, the worst index locations are window seats A and F (See MP-Section 

5.3). 

 

Presented in Fig. S10 are the longitudinal flow fields for a vertical plane passing through the 

centre of passengers located in the F seats and streamlines originating from the aerosol source 

of the index patient seated at 6F in ventilation Scenario 1 and Scenario 2.  Clearly, the 

longitudinal flow speed between the top of the passenger heads and the saloon luggage racks 

in Scenario 1 (see Fig. S10(a)), is significantly larger than that in Scenario 2 (see Fig. S10(b)).  

It should be noted that the high flow speed under the luggage rack (red arrows) in Scenario 2 

(see Fig. S10(b)) are in the transverse direction. This results in a greater longitudinal dispersion 

of quanta in Scenario 1, compared to Scenario 2, along the two-seat block as seen in MP-Fig. 

8 and the streamlines (see Fig. S10(c) and Fig. S10(d)). The relatively smaller longitudinal 

dispersion of quanta in Scenario 2 is the result of the high air flow injected from the side walls. 

The different longitudinal dispersions between the two-seat block and three-seat block in 

Scenario 1 are due to the different volumes of the two spaces generated by the air curtain along 

the aisle formed by the top injected air. The influence of the air curtain causes the flow in the 

smaller cross section space (the two-seat block section) to move faster longitudinally than in 

the larger space that includes the three-seat block. 

 

It is noted that the nature of the flows, in both Scenario 1 and 2, are expected to be strongly 

dependent on the precise design of the ventilation outlets – which often have vanes, grilles or 

decorative covers and to a lesser extent, the mesh resolution (see SM Section S4). 

 



 

 
 

 
(a) Scenario 1 

 
(b) Scenario 2 

 
(c) Scenario 1 

 
(d) Scenario 2 

Fig. S10. Velocity vectors on a vertical plane passing through index patient in seat 6F for (a) 

ventilation Scenario 1 and (b) Scenario 2 and streamlines from the source of index patient for 

(c) Scenario 1 and (d) Scenario 2.  

 

 

 

S6 Non-uniform quanta distribution  

 

The quanta distribution throughout the saloon resulting from the recirculation produced by the 

ventilation system is non-uniform. While this is dependent on the seating location of the index 

source and the nature of the ventilation system, there appear to be general trends in the quanta 

distribution.  As seen in MP-Fig. 8, very high quanta concentrations occur up to two seat rows 

behind the index patient, with lower but still high concentrations up to one seat row ahead of 

the index patient. The quanta distribution drops off significantly outside these regions. 

 

The core assumption in the application of the Wells-Riley Model (WRM), when applied to the 

entire saloon, is that the volume of space is well-mixed resulting in a uniform quanta 

distribution. The CFD analysis indicates that this is an invalid assumption for train saloons and 

as a result, hot-spots of IP will occur. The impact of face coverings was introduced into the 



 

 
 

coupled Wells Riley CFD (WR-CFD) model through MP-equation (8), which predicts IP based 

on local quanta concentration.  Similarly, the impact of face coverings can be incorporated 

within the general WRM (MP-equation (1)) as follows:  
 

𝑝 = 1 − (1 − 𝑥)2𝑒−𝐼𝑞𝑣𝑡/𝑄 − 𝑥(1 − 𝑥)(𝑒−(1−𝑎)𝐼𝑞𝑣𝑡/𝑄 + 𝑒−𝐼𝑞(1−𝑏)𝑣𝑡/𝑄) − 𝑥2𝑒−(1−𝑎)𝐼𝑞(1−𝑏)𝑣𝑡/𝑄  (S5) 

 

where x is the proportion of the population who are likely to wear face coverings (i.e. the 

probability of a passenger wearing face covering is x). If the usual “well mixed” WRM 

(Equation (S5)) is applied to the passenger area of the saloon, for Scenario 1, the ventilation 

rate for the passenger area is 5500 m3/h including fresh air rate of 1881 m3/h and 3619 m3/h 

recycled air (corresponding to the ventilation rate of 6200 m3/h including a fresh air rate of 

2120 m3/h for the whole carriage). As the filtration efficiency is assumed to be 20%, the 

equivalent fresh air rate is approximately 2605 m3/h. Similarly, the equivalent fresh air rate for 

Scenario 2 is 2109 m3/h. Using Equation (S5), the predicted IPs as a function of time, for the 

seating area of the saloon, are presented in Fig. S11. It is thus not surprising that the predicted 

IPs for an 8-hour exposure are only 0.9% for ventilation Scenario 1 and 1.1% for ventilation 

Scenario 2 using the WRM, which are much lower than the reported data at locations within 

three seat rows from the index patient.  

 

The failure of the WRM to accurately represent IP is due to the poor validity of the uniform 

quanta distribution assumption.  Indeed, as depicted by MP-Fig. 8, the quanta distribution in 

the steady state is extremely complex and far from uniform. As a result, simply applying the 

WRM to the entire saloon fails to assess significant localised IP.  For complex environments, 

such as a train saloon with asymmetries in configuration and complex ventilation systems, a 

well-mixed uniform state is an invalid assumption. Wells-Riley applications that predict low 

IPs for complex spaces such as classrooms, aircraft cabins, etc., as in [S4], need to be carefully 

reconsidered as they are likely to fail to identify high IPs in the vicinity of the index patients.  

Thus, use of the WRM for these types of environments, in particular to assess IP on a seat by 

seat basis, and thereby identify potential mitigation strategies, is inappropriate. 

 

 
 

Fig. S11. Reported (symbols) [S3] and WRM predicted IPs (solid and dashed lines) for the 

seating area of the saloon. 

 



 

 
 

S7 Impact of face coverings 

 

S7.1 Usage of face coverings during the study period    

While no mention of the use of face coverings was made in Hu et al. [S3], it is common practice 

in China to wear face coverings when ill with a respiratory ailment.  It is thus likely that some 

people would have been wearing face coverings during the data collection period. According 

to the database [S23], there were 396 confirmed COVID-19 infections on G-trains before the 

25th January 2020. Most of these passengers travelled on G-trains originating from Wuhan, 

China. Among the 396 cases, approximate 58% occurred from the 20th to the 23rd January 2020, 

during which it was common for people to wear face coverings at Wuhan Rail station [S24].  

 

Video footage of people queuing to board trains in Wuhan Rail station on the 21st January 2020 

show many (if not most) wearing face coverings [S24]. Thus, in this study it is assumed that 

40% of the population on the G-train were wearing face coverings. Given the variability in 

types of masks worn and also on how well they are worn, in this study it is assumed that the 

face coverings have filtration efficiencies of 50% and 30% for index and susceptible 

passengers, respectively [S25].  

 

S7.2 Infection probability with deterministic face covering state   

The estimated average IP assumes that 40% of the passengers wear face coverings.  For 

example, the average IP for an 8-hour exposure, for a susceptible in seat 6B in Scenario 1 with 

the index patient seated in 6C, is 25.3% (See MP-Table 2c).  

 

However, for a given passenger, their face covering state is deterministic. There are four 

different deterministic face covering possibilities when estimating the IP of the passenger in 

seat 6B: 

• Both index patient 6C and susceptible 6B do not wear face coverings; 

• Index patient 6C wears a face covering but susceptible 6B does not; 

• Index patient 6C does not wear a face covering but susceptible 6B does; 

• Both index patient 6C and susceptible 6B wear face coverings. 

 

The IPs for the above face covering combinations can be calculated using MP-equations (4)-

(7), given the value of c determined from the CFD simulation for seat 6B. For the four different 

face covering states, the IPs of the susceptible, located in seat 6B, are 34.7%, 19.0%, 25.6% 

and 13.7%, respectively. Therefore, the IP for the susceptible seated in seat 6B ranges from 

13.7% to 34.5% and is dependent on the face covering state (of the susceptible in seat 6B and 

the index patient in seat 6C), while the average probability calculated using MP-equation (8) 

is 25.3%, assuming that 40% of the passengers wear face coverings.   

 

If either the index patient seated in 6C or the susceptible seated in 6B does not wear a face 

covering, the IP of the susceptible seated in 6B increases by a relative amount of at least 39% 

compared with the IP when both wear face coverings. If both do not wear face coverings, the 

IP increases by a relative amount of 152%. This analysis demonstrates that wearing a face 

covering has a significant impact on reducing infection transmission of COVID-19 on long 

train journeys. 

 

S7.3 Impact of higher efficiency face coverings  

As highlighted in the previous discussion, the IP of the susceptible located in seat 6B in 

Scenario 1 is 13.7%, when both susceptible in seat 6B and the index patient in seat 6C wear a 

face covering.  This is based on mask filtration efficiencies of 0.5 and 0.3 for index and 



 

 
 

susceptible respectively.  These mask filtration efficiencies are appropriate for surgical masks.  

If a higher efficiency mask, such as an N95 mask worn correctly, filtration effectiveness for 

both index and susceptible could approach 0.9.  The impact that this would have on IPs can be 

estimated by taking a=b=0.9 in MP-equation (7) and given the value of c determined from the 

CFD simulation for seat location 6B.  Using these values, the IP becomes 0.4% during an 8-

hour exposure. Compared with the IP of 13.7%, the higher quality face mask reduces the IP by 

a relative improvement of 97%.  Furthermore, if 90% of passengers wear face masks with an 

efficiency of 90%, the number of expected secondary infections is reduced by at least 95% in 

Scenarios 1 and 2 (See MP-Table 4).  

 

Thus, a significant reduction (95%) in IP, for all passengers, can be achieved if 90% of 

passengers correctly wear high efficiency face coverings for long distance travel on trains.  
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