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Supplementary materials 

  



SM1- Host entry characteristics:  

As discussed in the main paper the quantum of contagium, as defined by Wells [1], considers a 

variety of mechanisms including pathogen inhibition by host defenses. These defenses include, 

beside microbiological phenomena (immune response and others), some physical processes 

described below that are important for contamination by the aerosol route. 

In a series of remarkable experiments with rabbits and mice, Wells demonstrated that, 

concerning aerosols, very fine particles (which include dry nuclei) have a much higher infectious 

power than coarse particle, at least for disease such as tuberculosis and influenza. Wells' explanation 

was that the human body has a very efficient system to prevent coarse particle larger than a few 

micrometers to penetrate deep in the respiratory system. Beside defenses against very coarse 

particles, specific to the upper respiratory tract (nostrils, nasal cavity, mouth, throat, pharynx), and 

voice box (larynx)), mucociliary clearance is a primary innate defense mechanism of the lung (see the 

reviews by Bustamante-Marin and Ostrowski [2] and Kuek [3]) that helps to remove smaller particles 

and pathogens from the lower respiratory tract, using the epithelium formed by ciliated and 

secretory cells. These later provide a mucus which is expelled by cilia toward the digestive system 

after swallowing. It is known that most respirable pathogens do not provoke illness when ingested, 

and there is currently no evidence that COVID-19 could be transmitted by ingestion [4]. Note that the 

mechanism of very fine particles deposition into the lungs has been the subject of numerous studies 

for mineral toxic dusts, such as asbestos [5].  

Nowadays, the formidable progress of microbiology allows studying the influence of cellular 
characteristics on the vulnerability of cells to coronaviruses, which start with binding of the viral 
spike (S) proteins to cellular receptors [6]. Following some data, it has been anticipated that 
infectivity was higher in the upper respiratory tract and that the nose was a primary target [7]. 
However the severity of the COVID-19 is linked to the occurrence of pneumonia, followed by acute 
diffuse alveolar damage, which can be due to direct lung infection by airborne microparticles [8,9] or 
by indirect infection from the oropharynx to the lung by aspiration of the viral inoculum when 
breathing [7]. Also the study of nonhuman primate model reveals, after autopsy, the importance of 
lung lesions in macaques [10]. It seems reasonable to assume that, when the virus reaches the lungs 
directly, before some immunity able to inhibit viral reproduction has been acquired, it could result in 
devastating pneumonia, as sometimes reported in young, healthy subjects. 

It has to be noticed that as well the remarkable experimental results of Wells for particle size 
than the most recent findings of microbiology cannot be directly used to develop a quantitative 
model of transmission risk. Therefore, some concepts and approaches must be developed prior to 
the establishment of any risk model. 

  



SM2- Conservation and transport equations   

It is far beyond the possibility of this section of the supplementary materials to develop the 

complexity of transport and conservation equations for diphasic turbulent fluids, with the target of 

precise calculations of the fields of velocities, temperature and concentrations of the various 

components. We shall just present the equation used in the main paper for the case of a well-mixed 

room (homogeneous hypothesis) and the approach underlying much of the calculations used in 

inhomogeneous models in order to calculate the concentration field of infectious particles.  

In a homogeneous model, it is assumed that there is no spatial gradient of risk in a space 

where the infectors and the receivers either evolve or stay in place. In other words, it is assumed that 

the infectious microdroplets are evenly distributed. This is typical of two kinds of situations. It 

happens first instantly in a space where high performance mixing ventilation is achieved using special 

air terminal units designed to promote a high jet induction (i.e., vortex diffusers, lobed diffusers). 

This case lies to forced convection state. In absence of this kind of mixing ventilation there are a 

variety of air motions induced by other phenomena, such as natural convection, wake of moving 

people, door openings for letting people in or out. It can be shown that in many situations of this 

sort, the well mixed room hypothesis is also valid [11]. Then, we consider an evenly distribution of 

microdroplets obtained by induced turbulent flows, although this distribution is not really continuous 

due to its discrete character (very low concentration). Using CO2 as a proxy of infectious 

microdroplets (i.e. quanta), observations show that this condition is most often fulfilled (see main 

paper). 

 Of course, if specific ventilation techniques are used [12], the generated directional air flows 

within the room lead to preferential aerosols trajectories following air distribution patterns.  

In a homogeneous model it is possible to write a conservation equation for the concentration 

   of mono-sized microdroplets in a volume  , as developed by Rowe et al [13] for the indoor risk 

assessment, to compare with the outdoor case. Figure SM2-1 depicts the situation: 

 
Figure SM2-1: a typical indoor homogeneous situation. 

In this figure the inlet and outlet ventilation flow rates are assumed equal with the value   .  

Let Np be the number of people inside, Ni(t) the total number of aerosol particles of human 

respiratory origin inside the volume, resulting in a concentration of particles of              . The 

mean exhaled flow rate of a person was taken as p (of course identical to the inhaled rate) and the 

concentration of particles in this flow was assumed equal to n1 

(SM2-1)  
   

  
   

   

  
               

It was assumed no sink term for the particles inside the volume. 



In the same way, an equation of conservation can be applied to the quanta of contagium as 

defined by Wells [1]. Let    be the total number of quanta in the volume   and    the quantum 

concentration. Considering the quantum production rate per infector   and introducing a quantum 

lifetime, which can be considered as the virus lifetime,    , this equation reads:  

(SM2-2)                                  
   

  
   

   

  
           

  

  
   

In this equation we consider the number of infectors   within the volume since only infectors emit 

quanta. 

Assuming        , The solution of (SM2-2) is: 

(SM2-3)                                       
          

 

  
    

with:  

(SM2-4)     
 

    
 

  

 

The concentration of quanta at stationary state i.e.             is: 

 

(SM2-5)     
  

   

      
 

  
 
    

which, if the virus lifetime is neglected, reduces to: 

(SM2-6)                                                           
  

   

  
 

Note that if a device able to sterilize a flow rate    is used, the above equations hold just by 

replacing    by        . 

These equations funded on the well mixed room hypothesis are the basis of the famous Wells-

Riley model and are convenient for a very large number of indoor situations. However, 

inhomogeneous infection patterns are reported for a number of well-documented transmission 

events in closed spaces, especially in restaurants [14-16] but also in other places such as aircrafts 

[17]. Generally, in these specific well studied cases, inhomogeneity was created by the mechanical 

ventilation system of air conditioning (hereafter AC) with recirculation, inducing locally larger air 

velocity. One typical and largely mediatized event concerned a restaurant in Guangzhou, China. It has 

been the subject of numerical modeling [14]. Numerous published works in the field do not relate to 

a specific observed event but to hypothetical situations supposed to represent typical cases, such as 

a supermarket [18]. These models rely on CFD (Computational Fluid Dynamics) calculations of the air 

flow stream, using a variety of software, such as Open Foam for example. Then the microparticle 

behavior is estimated using a variety of methods (Lagrangian, Monte-Carlo). In the Lagrangian 

approach the movement of each particle is calculated using Newton’s second law of motion, where, 

within forces acting on the particle, the drag one is determined from the calculated field of air 

velocity. Note that, for a Stokes number << 1, the particles are just assumed to follow the flow. The 

Stokes number can be defined as the ratio of two times       ,    being the time of velocity 

accommodation of a particle to the flow velocity and    the hydrodynamic time (equal to a typical 

length of the problem divided by the flow velocity). The Stokes number reads [19]: 

 



   
  

          

      
 

With    and    being respectively the diameter and volume mass of the particle,   the air 

viscosity,    and   respectively a typical order of magnitude of flow velocity and length.    is a slip 

parameter which takes into account the value of the particle Knudsen number. For particles of the 

size considered in airborne transmission    is very close to one. Note that       is the hydrodynamic 

time and that for most problems dealing with the behavior of exhaled aerosol particles in indoor 

situation the Stokes number remains much smaller than one, except for large particles in the close 

contact case discussed in next section. 

Il is also worthwhile to point out that when inhomogeneous infection modeling is applied to a 

specific geometry of the environment, it can be applied as such  for the design of a new building for 

example but is limited for applications in the real life of most existing buildings and therefore, on the 

short term, for driving public policy. What is more interesting is the modeling of airborne close 

contact discussed in the next section. 

  



SM3- Close contact transmissions 

It is now largely admitted that the transmission of COVID-19 disease by close contact is most 

often an airborne one, referred in the literature as “short-range airborne transmission” 

[20,20,21,21]. Close to the emitter the turbulent expiratory plume (or puff for cough and sneeze) can 

have a much higher quantum (viral) load than in the ambient air of the indoor space considered. 

Several models of this phenomena have been proposed, some very simple [20] others more 

sophisticated. The recent one by Cortellessa et al. [21] employs CFD for the air flow and Lagrangian 

calculations for the particles to derive the dose and the risk as a function of the distance between 

infector and susceptible. Not only the distance but also the time of exposure is considered in order to 

assess the risk, although the time is limited to fifteen minutes. Large microdroplets which behave in a 

ballistic way are also considered and shown to prevail only at very short distance (< 60 cm), with a 

contribution to the dose being completely negligible at higher distances, demonstrating the airborne 

character of most airborne contamination in close contact, excepted intimate.  

In their paper, Cortellessa et al. also made a comparison with the homogeneous risk. However, 

the comparison is restricted to the same time of exposure of fifteen minutes, with an initial 

concentration of quanta equal to zero. Therefore, it does not consider long times of exposure for the 

homogeneous case at steady state, as found for example in schools but such an extension can easily 

be done. Indeed, a good comparison should have to include the probability of close contacts 

together with contact durations, which is not done. Such a close contact risk assessment is anyway 

extremely useful for public policy. 

 

 

  



SM4- Infector proportion and combination analysis 

The problem of determining the exact proportion   of infectors   in a large population NTot 

(         ) is a difficult one. Two statistical results are most often available.  The positivity rate is 

the number of populations tested positive related to the total number of people tested, and 

therefore is a proportion without dimension. The incidence rate is the number of new people tested 

positive in a population, which can then be reported to a target population (for example 105 

individuals) for a given period of time (for example one day or one week). It is therefore a temporal 

rate and, as such, has the dimension of (time)-1. It is clear from these definitions that the results will 

depend on which people are tested and also of the size of the target.  Since many people are infected 

but not tested and that people tested positive in the past remain infectious for some time, it can be 

anticipated that the real number of infectors could be much higher than what can be deduced from 

an analysis of the incidence rate: in principle, this rate can drop to zero with still infectors in the 

population. Further, since the population tested is often a symptomatic one, the positivity rate of 

testing could be much higher than the real proportion of infectors. Only a blind testing of a 

representative population would lead a true value of   . 

Therefore the purpose of the present SM is just to show that it is possible to estimate the 

probability of infection of a susceptible target using a simplified expression (see SM4-3) which 

essentially considers the given proportion of infectors r in a population of NTot individuals, provided 

that the ventilation flow rate per person, qnorm, is known and the time of exposure t is fixed. Here NTot 

will represent the inhabitants of a country, a region, a metropole or a city or it can also denote a 

fixed reference population like 100000, for instance. Then, NTot is large. The number of infected 

people in that population will be quoted I further in the text (see SM4-6 and beyond) with I  = r ×NTot. 

In the main paper we have derived an equation for the dose inhaled by a susceptible person: 

(SM4-1)                                               
   

     
      

which assumes that the total ventilation rate    is given by         , where Np is the number of 

people present, with the susceptible target, in a specific location. Here Np « NTot. It is also assumed 

that the proportion of infected people r is also representative of the sanitary situation in the space of 

interest. In other words, if n is the number of infectors in the restricted population of Np persons, we 

assume that r = n/Np = I /NTot. We also remember that p and q are the respiratory flow rate and 

the quantum rate of pathogens per infector expressed in h-1, respectively. 

From this, the probability of infection is given by the Wells-Riley expression already presented in the 

main text (eq. 3): 

(SM4-2)                                                                       

or 

(SM4-3)          
  

   

     
   

 

Another way to calculate this probability, which seems to be more realistic, is to make a weighted 

summation of probabilities to be infected in conditions where one, two, three etc. infectors are 

present in the restricted population of Np people. This can be expressed as:  

(SM4-4)          
  

        



where       is the probability to have n infectors and        the Wells Riley probability of being 

infected with n infectors in the population of Np individuals. Then: 

 (SM4-5)             
 

   

  
  

 

This new expression SM4-4 has an interesting advantage with respect to the simpler equation SM4-3 

since it discriminates the individual       contributions from each other. Then, it is possible to 

evaluate how significant is each term in the summation and more particularly if the state with only 

one infector can be representative of the total risk of infection or not. 

Probability       is dependent on the number of infected people I and consequently it is also a 

function of r. It can be derived from a combinatory analysis. Defining      

   as the number of 

combinations of selecting an ensemble of Np persons in a larger group of NTot individuals, one can 

express the number of combinations that include n individuals with a given property (here infection) 

in the selected group of Np people. Then the probability of having n individuals infected in the 

restricted population Np  is simply given by: 

(SM4-6)       
  

         

    

     

  
 

We remember here that the number of combinations of i elements in a global ensemble of j objects 

(with j ≥i) is mathematically equal to: 

(SM4-7)   
  

    

          
 

From this, equation SM4-4 becomes: 

(SM4-8)    
  

         

    

     

  
 

  

       
 

   

  
  

   

This expression is numerically evaluated below for a few examples and compared to equation SM4-3. 

We consider here situations for which the restricted population is smaller than the total number of 

infectors in the reference population NTot:  

(SM4-9) Np < I 

Calculations are be made considering a reference population NTot of 105; a respiratory flow rate p of 

0.5 m3/h; a quantum infection rate q of 40 h-1 and a time of exposure t of 2 hours. A standard 

ventilation flow rate qnorm of 20 m3/h/person will be also employed. The proportion of infected 

people r is varied between 0.001 and 0.03 and the restricted population Np is chosen as either 80 or 

30. From this, the number of infected people in the NTot main group will vary from 100 to 3000 

according to the r  value, thus respecting inequality SM4-9. 

Results of SM4-3 and SM4-8 are presented in Table SM4-1 and SM4-2 for the two values of Np. In 

addition, we indicate the limit of n, quoted ncut, beyond which              terms do not 

contribute significantly to the summation in SM4-8; the value of n, quoted nmax, corresponding to the 

main contribution      
              in the summation and the percentage of this contribution 

to P  value.  

 

 



Table SM4-1: Comparison of PWR with P  for a restricted population Np of 80 individuals 

r PWR (SM4-3) % P (SM4-8) % ncut nmax 
nmax 

contribution % 
0.001 0.200 0.197 2 1 93 
0.003 0.598 0.591 3 1 79 
0.010 1.980 1.956 4 1 46 
0.030 5.824 5.756 8 3 27 

 

Table SM4-2: Comparison of PWR with P  for a restricted population Np of 30 individuals 

r PWR (SM4-3) % P (SM4-8) % ncut nmax 
nmax 

contribution % 
0.001 0.200 0.193 2 1 97 
0.003 0.598 0.579 2 1 92 
0.010 1.980 1.917 3 1 75 
0.030 5.824 5.644 5 1 43 

 

These calculations demonstrate a very good agreement between both ways of determining the 

probability of infection from either PWR or P. The agreement is even better when the restricted 

population is enhanced, essentially due to the statistical effect of using larger Np numbers. It can also 

be shown that the contribution of one infector (nmax=1) in the summation is the main one in many 

situations although, however, summation cannot be limited to the first term in SM4-8 for several 

conditions as indicated by the ncut value and the "nmax contribution" columns. The lower the 

proportion of infectors r, the larger the contribution of               which makes a lot of sense 

since for small r the probability of having more than one infector in the restricted population Np 

becomes very small.  

To conclude we stress that we have restricted the demonstration to a limited number of 

configurations but it is worth pointing out that several parameters act in a similar way 

mathematically speaking. Then, changing the time of exposure or/and the quantum rate of infectors 

would lead to essentially the same kind of conclusions.   

  



SM5- Masks, quantum production rate and inhaled dose  

To build a probabilistic model of infection it is necessary to know the production rate of quanta 

(as defined by Wells) by an infector. It is defined per unit time and per infector (unit: h-1 for example) 

and can be deduced from epidemiological observations [22] but also linked to the distributions of 

microdroplets emitted by humans, together with the knowledge of viral load in respiratory fluids and 

of the mean number of viruses required to infect 63% of susceptibles. 

As stated in the main paper and following Buonanno et al. [23], the quantum production rate   

can be written as: 

(SM5-1)                                                           
    

 
    

where    is the viral load in the respiratory fluid,   is a factor of proportionality between the viral 

content (copies/unit volume) and quanta,   is the pulmonary exhaled volume rate (volume/unit 

time),        the size distribution of droplets (diameter   ) of volume   . 

Morawska et al. [24] have shown that microdroplets emitted by different expiratory activity 

correspond to four different modes of size distribution, centered on mid-point diameters of 

respectively D1 = 0.8, D2 = 1.8, D3 = 3.5, and D4 = 5.5 μm. Their concentrations depend on the 

expiratory activity as shown in table SM5-1 adapted from Table 1 of Buonanno et al. [23]:  

Table SM5-1: Concentrations (in cm-3) of the microdroplets size modes during various expiratory 

activities 

 Centered mid-point diameter (µm) 

Expiratory activity 0.80 1.8 3.5 5.5 

Voiced counting 0.236 0.068 0.007 0.011 
Whispered counting 0.110 0.014 0.004 0.002 
Unmodulated vocalization 0.751 0.139 0.139 0.059 
Breathing 0.084 0.009 0.003 0.002 

 

It results that equation (SM5-1) can be simplified as:  

(SM5-2)                                                              
   
       

where the subscripts i and j refer to the size mode and the expiratory activity respectively. 

From equation SM5-2 and Table SM5-1 it is clear that the production rate of quanta can vary 

widely depending on the expiratory activity but also on the virus strain through     and  . Note also 

that the level of activity (which implies a given metabolism) plays an important role on this rate [23]. 

Therefore, it can change with time for a given infector.  

For a given respiratory activity, equation (SM5-2) can be written as: 

(SM5-3)       
   
    

where the subscript j has been omitted. 

In the absence of masks for the emitter (infector) and the receiver (susceptible) the dose 

inhaled by the receiver can be written: 

(SM5-4)                                                             
      

 

 
 



where   
  is given by equation SM2-6. 

When a mask is worn the proportion of particles going through the mask could be strongly 

dependent of the particle size. Therefore, it could be considered that the quantum production rate is 

reduced accordingly and that it is possible to define a quantum production rate depending on the 

mode: 

(SM5-5)                                               
        

As a conservation equation can be written for each mode, a concentration of quantum for this 

mode at stationary state will result: 

(SM5-6)                                  
  

       

  
 

 If the receiver wears the same kind of masks the inhaled dose of this mode of particles should be:  

( SM5-7)                               
      

 

 
    

   
    

  
     

 

 
 

Then the total dose would be: 

(SM5-8)                                                              

For the smallest size, below 1 m (    , the surgical mask can be very inefficient as shown by 

[25,26] leading to a value of    close to 0.5 for the flow through the filtration media. 

However due to the importance of the leaks [27], it could be assumed that    is also very large 

even for particles larger than 1 m (except  for the largest ones which behave in a ballistic way and 

are completely trapped). Then, using equations SM5-7 and SM5-8 with the results of [26,27], it can 

be shown that wearing the mask reduces the quantum production rate by a factor of three. As the 

dose of inhaled particles is reduced by the same factor, an overall efficiency in dose reduction of 

around 90% can be assumed if emitters and receivers wear it, as it has been assumed for schools in 

the main paper. 

 

 

  



SM6- The ICONE index 

Based on indoor CO2 concentrations, the ICONE air stuffiness index [28] has been developed in 2008 

by the French Scientific and Technical Center of Building (CSTB) especially for IAQ evaluation in 

schools. In 2012, the ICONE air stuffiness index has been integrated into the framework for the 

mandatory monitoring of IAQ in some public buildings in France (IAQ decree n° 2012-14 [29]. The 

ICONE index takes into account the frequency and intensity of CO2 levels around the threshold 

values of 1000 and 1700 ppm during normal occupancy of the classroom by children. The 

confinement level is then expressed by a score scaled in six levels from 0 to 5. The score 0 

corresponds to zero confinement (CO2 level always below 1000 ppm), this is the most favourable 

situation. Notes 2 and 3 correspond to low and regular confinement, whereas notes 4 and 5 

correspond to very high and extreme confinement, level 5 is the most unfavourable situation (CO2 

concentration always above 1700 ppm during occupancy). In this case, the decree [29] stipulates that 

additional investigations must be carried out and the local authority (the departmental Prefect) must 

be informed. Table below summarizes the various situations: 

ICONE Stuffiness level 

0 None 
1 Weak 
2 Moderate 
3 High 
4 Very high 
5 extreme 

 

The icone index can be calculated precisely using the following expression: 

ICONE = 8.3 log10(1 + f1 + 3 f2) 

where f1 and f2 represent the proportions of CO2 concentration measurements comprised in between 

1000 and 1700 ppm or higher than 1700 ppm respectively. Hence, the ICONE index is zero when all 

measurements have been found below 1000 ppm (f1 = f2 = 0) as said earlier whereas it is 5 when all 

measurements are higher than 1700 ppm (f1 = 0 and f2 = 1). 

  



SM7- The concentration of carbon dioxide as a proxy of the quantum concentration 

The exhaled breathing of human beings contains a much higher concentration of carbon 

dioxide than the normal outdoor air. As a matter of consequence when persons are gathered in a 

room this leads to a noticeable increase of its concentration as it was recognized by previous authors 

[30]. Considering the situation depicted in figure SM2-1, a conservation equation for CO2 can be 

written in the same way than for particles or quanta: 

(SM7-1)                                            
    

  
                               

with the same notation meaning than in SM2 for  ,   ,   and   .     is the current concentration of 

CO2 which can be expressed in ppm (part per million) since air density is assumed constant.         

and         are respectively CO2 concentration in the air exhaled by a human (close to 40 000 ppm) 

and outdoor fresh air (around 420 ppm). 

The last term of the equation comes from the fact that the fresh outdoor air contains CO2. 

It follows that the carbon dioxide concentration in the room, equal to        at    , will evolve 

following the equation: 

(SM7-2)                                             
            

  
         

 

  
   

with        

(SM7-3)                                                          

Note that most often a “clean” room with a null virus concentration         corresponds to 

              ,  excepted in un-stationary conditions, for example if ventilation is off during the 

night and considering a virus lifetime, see end of this SM. 

When the quantum (virus) lifetime is very large,     defined by equation SM2-4 reduces to    . 

Then, at any time  , it is straightforward to deduce from equations SM2-3, SM2-5 and SM7-2 that:                                      

(SM7-4)                                  
     

              
 

   

            
 

which assumes that at                      and        . 

Note that it can be shown that the same equation holds for the poorly ventilated case developed in 

the main paper. 

Then using the fact that the dose is: 

(SM7-5)                                              
  
  

 

It follows, for a time of exposure t = t1-t0, that: 

(SM7-6)                                     
        

       
         

with: 

 (SM7-7)                             
        
  

  
   

  
      and                           



This equation was first established by Rudnick and Milton [30] in a different way and is valid 

even for unstationary conditions as long as the virus lifetime        . 

If the above conditions for    is not fulfilled it is necessary to write a new equation for the dose 

as a function of time.  Still assuming that at                      and        , Equation SM7-

4 is changed as: 

(SM7-8)                            
     

              
 

   

            
 

  

    
 

  
  

                         

with: 

(SM7-9)                                     
          

     

          
     

 

which at stationary state reduces to: 

(SM7-10)                                          
     

              
 

   

            
 

  

    
 

  
  

 

and for the dose at stationary state: 

(SM7-11)   
        

       
         

  

    
 

  
  

 

Of course, for transient evolution the dose can be calculated using equation SM7-5 with SM7-8.  Now 

other transient evolutions could be considered with different initial conditions than the choice made 

above. For example if the ventilation is off overnight the virus lifetime could be such that in the 

morning (   ), the conditions         holds but with               . In this case          

should be replaced by        in equations SM7-8 and SM-7-10. These considerations show the 

importance of the virus lifetime, which is strongly dependent of the room conditions, especially the 

temperature [31]. Nevertheless, it remains that CO2 is most often an excellent proxy of the risk, 

excepted when an air sterilizer at high volume flow rate        is used.                
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