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1. Introduction: airborne transmission



The Conservations, March 27, 2021

Spanish flu

Epidemics and pandemics of 

the past Of respiratory infections

What lessons have 

we learned? 



Confusion: COVID-19



COVID-19 is airborne



Confusion: COVID-19

"There is no specific evidence 
to suggest that the wearing of 
masks by the mass population 
has any potential benefit.," 

Dr. Mike Ryan, executive director of 
the WHO health emergencies 
program 

CNN March 31, 2020

Masks are mandatory! 



Definitions: 

is IT aerosol or droplet? 

Aerosol: an assembly of liquid or solid particles 

suspended in a gaseous medium long enough 

to enable observation or measurement

Droplet: a liquid particle

In aerosol science:

In medical sciences:

Aerosol: smaller particles

Droplet: larger particles I will call them 

particles

Let’s don’t 

worry about 

these 

differences!

Randall, K.; Ewing, E.T.; Marr, L.; Jimenez, J.; Bourouiba, L. How Did We Get Here: What Are Droplets and Aerosols and How 

Far Do They Go? A Historical Perspective on the Transmission of Respiratory Infectious Diseases. (April 15, 2021) 2021.



Definitions: 

short (close) or long range? 

And also: where is the division? 

➢1 m?

➢1.5 m

➢1 kangaroo apart? 

Closer to the source       concentrations higher 

shorter exposure time  infection

There is no division, it is a continuum

Away from the source  concentrations lower 

longer exposure time  infection



Balachandar, S., Zaleski, S., Soldati, A., Ahmadi, G. and Bourouiba, L. Host-to-host airborne transmission as a multiphase flow 

problem for science-based social distance guidelines, International Journal of Multiphase Flow, 132: 103439, 2020.

Airborne 

transmission

Airborne transmission: 

inhalation of virus-laden particles

Cortellessa, G., Stabile, L., Arpino, F., Faleiros, D.E., van den Bos, W., Morawska, L. and Buonanno, G. Close contact risk 

assessment for SARS-CoV-2 infection. https://arxiv.org/abs/2104.10934



PARTICLE AEROSOLIZATION



Particle aerosolization in 

expiratory activities

….results from the passage of an 

air-stream at a sufficiently high 

speed over the surface of a liquid



Multiple process of particle 

aerosolization 

Fluid blockages form in 

respiratory bronchioles during 

exhalation

They burst during subsequent 

inhalation produce the particles

Fluid bathing the larynx is 

aerosolized during voicing due 

to vocal fold vibrations

Saliva in the mouth is 

aerosolized during interaction 

of the tongue, teeth palate and 

lips during speech articulation
After formation, the 

particles undergo processes 

in the respiratory tract before 

they are respired 

Deposition – changing 

initial size distribution 

Surface deformation (Oratis

et al. 2020 A new wrinkle on liquid 

sheets: Turning the mechanism of 

viscous bubble collapse upside 

down. Science, 369(6504): 685-688, 

2020



Bronchiole fluid film burst

(BFFB)

Johnson, G.R. and Morawska, L. The 

Mechanism of Breath Aerosol Formation. 

Journal of Aerosol Medicine and Pulmonary 

Drug Delivery, 22: 229-237, 2009. 

We cannot 

measure these 

processes directly, 

but model and 

simulate



CHARACTERISTICS OF THE 

PARTICLES



0.0001

0.01

1

0.1 1 10 100 1000

d
C

n
/

d
L

o
g

D
 (

c
m

-3
)

Diameter (µm)

Bronchiolar Fluid Film Burst (BFFB Mode); Johnson & Morawska; JAMPDD. 2009.
Laryngial Vibration (LV Mode); Morawska et al.; JAS 2009.
Oral Speech Articulation Movements (OSAM Mode); Morawska et al.; JAS 2009.
Bronchiole Lanyngial Oral Trimodal (BLOT) Model

Number size distribution:

speech + breathing

Small 

particles-
stay 

suspended 

longer in the 

air

H5N1

H1N1

Bronchial Fluid Film Burst Mode (BFFB) 

Laryngeal Vibration (LV) Mode

Oral Speech Articulation 

Movement (OSAM) Mode

Morawska et al., 2009. Size distribution and sites of origin of droplets expelled during expiratory activities. Journal of Aerosol Science, 40: 256-269, 2009 

Note: 

the 

scale 

10 data 

processing 

steps



Concentration/emission rates of 

particles – respiratory activities

b – breathing

n – nose

m – mouth

c – counting

v – voice

w – whisper

Morawska et al., 2009. Size distribution and sites of origin of droplets expelled 

during expiratory activities. Journal of Aerosol Science, 40: 256-269. 
Asadi et al., 2019. Aerosol emission and superemission during human 

speech increase with voice loudness. Scientific Reports, 20: 9(1):1-0

signing



Particle size and emissions:

• The majority of particles are < 1 µm (and the vast 

majority are < 10 µm) 

• Such small particles are light  can stay suspended in 

the air for a long time

• All respiratory activities (including breathing) 

generate particles, but vocalization  higher emissions 

than other activities 

Summary: particles generated 

from respiratory activities



Virus-laden particles from 

respiratory activities

Virus in the particles 

Water

Mucus

Santarpia et al.. The Infectious Nature of Patient-Generated SARS-CoV-2 Aerosol. medRxiv, 2020

Ma et al, COVID-19 patients in earlier stages exhaled millions of SARS-CoV-2 per hour. CID, 

Accepted 26 Aug, In Press. 

Size of a SARS-CoV-2 “naked virus”: ~ 0.12 µm

Size of the virus-laden particles: > 0.12 µm

Particles < 1 µm  contain higher loads of SARS-CoV-2

Majority within the  

mid sub-micrometre 

range and larger 

Salts



Mass size distributions - mixed 

acuity COVID-19 rooms

Santarpia et al., 2020. The Infectious Nature of Patient-Generated SARS-CoV-2 Aerosol. medRxiv

Sample collection for virology:  

NIOSH BC251 sampler

3 stages, cut-off sizes - the red 

and blue lines

Particle size distribution:

Aerodynamic Particle Sizer

(TSI APS 3321)

0.542- 20 µm, 52 size bins

Note: 

the 

scale 

All respiratory 

activities + 

background

Highest 

viral load

Several data 

processing steps



Summary: virus-laden particles

Virus in the particles 
• Overall, smaller particles  contain higher loads of SARS-CoV-2

• Smaller particles  from deeper parts of the respiratory tract 

location of the virus 

• To the contrary, larger particles  less virus, as they originate 

from the mouth   

• Therefore, breathing/speaking  the main source of small, virus-

laden particles



PARTICLE DYNAMICS 

IN THE AIR



Particle evaporation

Droplet nuclei (of 0.86% NaCl solutions)

Water droplet evaporation
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Morawska, L. 2006. Droplet Fate in Indoor Environments, Or Can

We Prevent the Spread of Infection. Indoor Air 16(5): 335-347.

Respiratory liquids are water based Composition of 

respiratory particles:

• Water

• Salts

• Mucus

• Pathogens

Evaporate very fast!

Evaporate very fast!

Evaporation to 20 - 40% of 

the initial size

The process is much more 

complex than for salt solution

What we measure is usually already a droplet nuclei



Particle fate in the air

Particle diameter 
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How do particles from respiratory 

activities travel in the air?

Bourouiba, L., et al. Violent expiratory events: on coughing and sneezing. Journal of 

Fluid Mechanics, 745:  537-563, 2014



Summary: particle dynamics in 

the air

• Gravitational deposition of large particles

• Flow dynamics of small particles

• Removal by ventilation (and other processes) 

Level of understanding: 

• Very good quantitative understanding

• Based on empirical studies and modelling



Q: How long will virus-laden particles stay 

in indoor air? 

Typically asked questions

Q: How far will virus-laden particles travel 

in indoor air? 

A: As long as the forces acting on 

them will keep them in the air.

A: As far as the air 

flow will take them. 

Meters (m)?

Tens of m?

Hundreds of m?

Minutes?

Hours?



Quantitative evidence:
• Characteristics of particles / virus-laden particles from human respiratory 

activities 

• What happens to the particles in the air – transport and removal dynamics

• Deposition of the particles in the respiratory tract upon inhalation

Physics of respiratory infections

No, because this is a complex process 

and we never have all the required 

parameters for real life scenarios

Is such evidence available for each outbreak?



EVIDENCE FROM 

OUTBREAKS



Skagit Valley choir outbreak

ERq=341 quanta h-1

Stable, L., Buonanno, G. and Morawska, L. Quantitative assessment of the risk of 

airborne transmission of SARS-CoV-2 infection: prospective and retrospective 

applications. Environment International, 145: 106112, 2020. 

Quanta 

concentration

Probability 

of infection

Modelled results agreed 

with the outbreak data

53 out of 61 participating 

infected

Miller et al. Transmission of SARS-CoV-2 by inhalation of respiratory aerosol

in the Skagit Valley Chorale superspreading event. Indoor Air, Accepted

26 September 2020, In Press.



Azimi et al. Mechanistic transmission modelling of COVID-19 on the Diamond Princess Cruise ship demonstrates 

the importance of aerosol transmission. PNAS, 118(8): e2015482118, 2021

Estimates of contributions: 

transmission modes + viral sources



Kriegel et al. Predicted Infection Risk for Aerosol Transmission of SARS-CoV-2. medRxiv, 2020.

doi: https://doi.org/10.1101/2020.10.08.20209106

Comparison of infection risk 

between 12 modelled and 

documented outbreak data 

Model assumption: 

all cases were caused by 

long-range transmission 

PIRA: modelled

AR: documented 

Agreement 

in 9 cases

Airborne 

transmission must 

be mitigated!



…if we accept transport of other 

objects in the air, and its impact?

Why do we question evidence 

from these processes…

Dust particles thousands of km from a source causing air pollution episodes?

A seed hundreds of meters from a parent tree?

We don’t trace the seed or the dust grain, but rely on 

various models and other evidence to explain their journey 

In a similar way, physics-based evidence 

should be used to explain airborne 

transmission or respiratory infections

Should 

gravity be 

questioned?



Randomized control trials? 

The Parachute

Smith and Pell, BMJ, 327, 20–27, 2003



MITIGATION



Morawska, et al. How can airborne transmission of COVID-19 indoors be 

minimised?, Environment International, 142: 105832, 2020

Building engineering controls

• Sufficient and effective ventilation

• Avoiding air recirculation 

• Particle filtration and air 

disinfection

• Avoiding overcrowding



Ventilation:

sufficient and effective

Morawska, L. and Milton, D. “It is Time to Address Airborne Transmission 

of COVID-19”. Clinical Infectious Diseases, 6: ciaa939, 2020

Enough of it Everywhere

Air flow not 

from person 

to person



SUFFICIENT VENTILATION



What is sufficient ventilation

in relation to infection transmission? 

To find out we need to use risk 

assessment models and tools!

Can we use the existing ventilation 

guidelines for controlling infection 

transmission? 

For example, guidelines for CO2

exhaled by occupants?



A quantum is the dose of infectious airborne particles 

required to cause infection in 63% of susceptible persons

Emitted quanta depend on:

• Location of the pathogen in the respiratory tract

• Physiology of the respiratory tract

• Stage of the disease

• Type of respiratory activity

• THE VIRUS

Infection transmission: 

infectious quanta



Traditional steady-state Wells-Riley model (W-R)

Where: 

I - the number of infectious source cases

q - the number of infectious quanta produced per source case (quanta/h), 

p - the average respiratory ventilation rate of susceptible persons (m3/h), 

t - the duration of exposure (h)

Q - the volume of infection-free (i.e. outdoor) air supplied to the room (m3/h)

Risk of infection transmission



Knibbs et al. American Journal of Infection Control, 39: 866-872, 2011

The Prince Charles Hospital, Brisbane, Lung Function Laboratory: 

infection risk for 15 and 45 min occupancy  

Ventilation and infection risk

Quanta generation 

rates from literature 

(quanta/hour):  

Influenza - 67

Tuberculosis - 12.7

Rhinovirus – 5

Using 

Wells-Riley 

model



Risk assessment 

models and tools 1

Airborne Infection Risk Calculator 

(Version 3.0 Beta)

https://research.qut.edu.au/ilaqh/wp-

content/uploads/sites/174/2021/04/AIRC-Tool-v3.0-Beta.xlsx

Stabile, L., Pacitto, A., Mikszewski, A., Morawska, L.  and 

Buonanno, G. Ventilation procedures to minimize the 

airborne transmission of viruses at schools. Building 

and Environment, Accepted 7 June 2021 (medRxiv, 

https://doi.org/10.1101/2021.03.23.21254179 )

https://doi.org/10.1101/2021.03.23.21254179


Risk assessment 

models and tools 2

In summary, 

assessing the 

requirements for 

sufficient 

ventilation



relatively easy

Assumption: uniform 

mixing of the air!

Bazant, M.Z. and Bush, J.W., 2021. A guideline to limit 

indoor airborne transmission of COVID-19. Proceedings of 

the National Academy of Sciences, 118(17).

https://doi.org/10.1073/pnas.2018995118 



EFFECTIVE VENTILATION



Air flow distribution/direction

and infection risk

The flow direction was 

a problem in this case

(in addition to low 

fresh air supply)

Li, et al. Probable airborne 

transmission of SARS-CoV-2 in a 

poorly ventilated restaurant. Building 

and Environment, 196, p.107788, 2021



Computation Fluid Dynamic 

(CFD) Modelling

Will CFD modelling answer 

all the questions about flow 

direction?

For specific indoor spaces -

mostly 

But we need general 

solutions

In summary, 

assessing the 

requirements for 

effective  

ventilation, which 

is based on air 

flow



still a challenge

How to generalise? 



THE FUTURE

BEYOND COVID-19



Morawska, L., et al., 2021. A paradigm shift to combat indoor respiratory infection. Science, 372(6543): 689-691.

https://doi.org/10.1126/science.abg2025.

https://science.sciencemag.org/content/372/6543/689


Paradigm shift: action

…to minimize all air hazards, including 

airborne infection transmission

We need a “paradigm shift” in how:

➢ buildings are designed 

➢ equipped, and

➢ operated



There must to be a shift in perception that 

we cannot afford new ventilation systems 

Cost of COVID:

$1 trillion 

(monthly)

Cost of other 

transmissions in US:

$50 billion 

(annual)

Costs in Australia:

$52-137 million

(annual)

The economic costs of the impacts of indoor air 

pollution by far exceed all other costs.

Paradigm shift: perception



Morawska, L., et al., 2021. A paradigm shift

to combat indoor respiratory infection.

Science, 372(6543): 689-691.

https://doi.org/10.1126/science.abg2025

.

The solutions are here

https://doi.org/10.1126/science.abg2025


Hershberger, S. The 1918 flu killed millions, then 

faded from our collective memory. Could the same 

happen with COVID-19? Scientific American, 

November 2020

It will happen to 

COVID-19, 

but  we hope that 

the pandemic will 

influence the 

paradigm shift in 

combating indoor 

respiratory 

infections…

…on the scale of 

Chadwick’s Sanitary 

Report in 1842 

Sir Edwin Chadwick led the British 

government to encourage cities to 

organise clean water supplies and 

centralised sewage systems



The Parachute

Yeh et all, BMJ 2018;363:k5094



Thank you!

l.morawska@qut.edu.au


