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Generation of infectious respiratory particles



Physics of respiratory infection transmission

 

APS  

transparent 

modules 

flow straightener 

flexible ducting 

air speed 

sensor 

HEPA filter 
speed controlled fan 

butterfly 

valve 

RH 

flow direction 

inflow 

for overpressure 

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

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



Generation of respiratory particles

Fluid blockages form in 

respiratory bronchioles during 

exhalation

They burst during subsequent 

inhalation produce the particles

Fluid bathing the larynx is 

aerosolised during voicing due 

to vocal fold vibrations

Saliva in the mouth is 

aerosolised during interaction 

of the tongue, teeth palate and 

lips during speech articulation

Viruses and 

bacteria in 

the particles?

Johnson, G.R. and Morawska, L. The Mechanism of Breath Aerosol Formation. 

Journal of Aerosol Medicine and Pulmonary Drug Delivery, 22: 229-237, 2009. 

After formation, the particles 

undergo processes in the respiratory 

tract before they are emitted

Deposition – changing 

initial size distribution 

Morawska, L., Buonanno, G., Mikszewski, A. And Stabile, L. The physics of respiratory particle 

generation, fate in the air, and inhalation. Nature Physics Reviews, 31:1-2, 2022.



Happy Birthday!

Gregson et al.,  Comparing the Respirable Aerosol Concentrations and 1 Particle Size Distributions 

Generated by Singing, Speaking and Breathing. Aerosol Science and Technology, 55(6): 681-691, 

2021



Spread of pathogens through the air



Morawska, L. Australia must get serious about airborne infection transmission. Here’s what we need to do. 

The Conversation, 26 July 2021. Published Online: https://theconversation.com/australia-must-get-serious-

about-airborne-infection-transmission-heres-what-we-need-to-do-164622
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How do particles from respiratory 

activities travel through the air?

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

Fluid Mechanics, 745:  537-563, 2014

Flow dynamics



Mass size distributions - mixed 

acuity COVID-19 rooms

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

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

Science & Environmental Epidemiology, p.1-6, 2021.



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 and travel long distances

• All respiratory activities (including breathing) generate particles, but 
vocalization  higher emissions than other activities 

Minutes?

Hours?

Meters (m)?

Tens of m?

State of the knowledge: particles



Virus in the particles 
• Overall, smaller particles  contain higher loads (of SARS-CoV-2 but not only)

• 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 

State of the knowledge: 

virus-laden particles

Significance of the indoor environment:
 impact on pathogen stability



Reducing the spread:

lessons learned



The Conservations, March 27, 2021

Spanish flu

Epidemics and pandemics of 

the past Of respiratory infections

What lessons have 

we learned? 



Morawska, L., Li, Y. and Salthammer, T. Lessons from the 

COVID-19 pandemic for ventilation and indoor air 

quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241
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Interdisciplinary expert knowledge 

should be the guiding factor in infection 

risk control and indoor air quality

management in general.

Morawska, L., Li, Y. and Salthammer, T. Lessons from the COVID-19 pandemic for 

ventilation and indoor air quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241

Lesson 1
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Old dogmas 

Scientific understanding

of the role and mechanisms  

of airborne infection 
transmission was well 

advanced before the 

COVID-19 pandemic 



239 scientist from 34 countries 

Group 36

“…this work is considered one of the four key elements in fighting the COVID-

19 pandemic and is of immeasurable global significance”.
https://www.washingtonpost.com/opinions/2020/07/14/need-some-good-news-about-covid-19-here-are-

six-reasons-optimism 



Ventilation must go far beyond advice 

to “open the window.”

Morawska, L., Li, Y. and Salthammer, T. Lessons from the COVID-19 pandemic for 

ventilation and indoor air quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241

Lesson 2
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Natural ventilation

Homes

Schools

Restaurants

Shops etc.

When it is NOT:

• too cold

• too hot

• too noisy

NO 

VENTILATION 

= no ventilation

Disclaimer:

By “no ventilation” I mean “minimal 

ventilation”.

• The building envelope always leaks.

• Some countries/jurisdictions are more 

or less sophisticated regarding rules 

on natural ventilation.

What if the 

source is 

outside?

In reality, in most 

climates, 
most of the time it is:

• too cold

• too hot

• too noisy

• too polluted

• too unsafe 



Ventilation reduced COVID-19 cases in 

schools in the Marche region 

Ricolfi, L., Stabile, L., Morawska, L. and Buonanno, G., 2022. Increasing ventilation reduces SARS-CoV-2 

airborne transmission in schools: a retrospective cohort study in Italy's Marche region. Frontiers in 

Public Health, section Infectious Diseases: Epidemiology and Prevention, 10: 1087087, 2022.

Incidence cases

Incidence proportion 

(IP, per 1000 students)

10,441 classrooms without (w/o) 

mechanical ventilation systems (MVSs)

 316 classrooms with (w/) MVSs 



Better building designs that optimize 

ventilation performance, with indoor air 

quality as the focus, should be the 

guiding principle behind the construction 

of buildings in the future. 

Morawska, L., Li, Y. and Salthammer, T. Lessons from the COVID-19 pandemic for 

ventilation and indoor air quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241

Lesson 3
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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

. 

Knowledge 

and advanced 

technologies 

exist!

But we need

social licence
 to use them

Do we have the knowledge and 

technology?
While there are many  

technological and 

application complexities… 
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Ventilation performance should be 

monitored at all times when buildings are 

occupied. 

Morawska, L., Li, Y. and Salthammer, T. Lessons from the COVID-19 pandemic for 

ventilation and indoor air quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241

Lesson 6
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Addressing actual and community expectations on CO2 concentrations within indoor spaces –  

A reasonably practicable methodology using CO2 concentration to assess ventilation quality to indoor 

spaces

Peter McGarry1*, Lidia Morawska1,2, Savinda Arambawatta Lekamge1,2, Simon Witts3 

Abstract

The ability to quickly assess the performance of a ventilation system to deliver an adequate amount of clean air to the space relative to the number of 

occupants is important as part of the overall goal of ensuring healthy indoor air. This study investigated the optimal location, number and duration of 

deployment of carbon dioxide (CO2) monitors to report in situ CO2 concentrations as a proxy for ventilation quality and risk of infection. A method for 

characterising indoor CO2 concentrations within occupied spaces serviced by heating, ventilation and air conditioning (HVAC) systems was developed 

and then applied through the deployment of CO2 sensors within 1439 rooms across 78 mechanically ventilated buildings, with room usage including 

teaching and teaching support office work. In 1025 (72%) rooms, CO2 concentration was < 800 ppm, in 267 (18%) it was between 800 ppm and 1000 

ppm, while in 147 (10%) of these spaces it exceeded 1000 ppm during room occupancy. We document a method that is demonstrable and is 

reasonably practicable in terms of instrumentation cost and time to deploy and analyse data to inform the performance of the mechanical ventilation 

system in replacing inside air with outside air. Reasons for the elevated CO2 concentrations included undetected malfunctioning ventilation plant, 

clogged air filters reducing the amount of outside air supplied to spaces, a mismatch between the number of people occupying spaces and the 

ventilation design occupancy density number, and installation (to larger floor space areas) of additional walled in offices without sufficient air inlet 

diffusers.  

Monitoring: the most critical step

McGarry et al. Addressing actual and community expectations on CO2 concentrations within indoor spaces – A reasonably practicable 

methodology using CO2 concentration to assess ventilation quality to indoor spaces. Indoor Environments, 2(3): 100101, 2025. 



Reducing airborne pathogens as part of 

achieving clean indoor air



Indoor air quality must be regulated to 

protect human health in public spaces. 

Morawska, L., Li, Y. and Salthammer, T. Lessons from the COVID-19 pandemic for 

ventilation and indoor air quality. Science, 385(6707): 396-401, 2024. 

https://doi.org/10.1126/science.adp2241

Lesson 7
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Over 200 

monitoring stations 

in Australia

Outdoor versus indoor air   

quality standards

Emission standards

Outdoor Air
Air quality performance standards

Indoor Air
National Construction Codes

??? No performance 

standards, no monitoring

Limited emission control standards



Can IAQ be controlled by a voluntary approach?

Cost-benefit of achieving good IAQ :  
• new buildings at least 1 to 10

• retrofitting of existing buildings?

Why do we need IAQ performance 

standards?

Reduced health care 

costs, cost of infection 

transmission, of 

absenteeism, etc.

It may, but not as a general rule 



1. Every indoor space is different, so monitoring is 

necessary in every public indoor space. 

Because … 

2. We cannot use bulky and expensive compliance 

monitors for every indoor space. 

3. The pathogens responsible for the transmission of 

indoor airborne infections cannot yet be routinely 

monitored in real-time. 

Contrast this with outdoor 

monitoring, which does 

not have to be conducted 

on every street corner!

Why can’t we monitor indoor air the 

same way we monitor outdoor air?



Morawska, L., et al., Mandating indoor air quality for 

public buildings. Science, 383: 6690, 2024. 

https://doi.org/10.1126/science.adl0677 

Canberra, August 2024

Scientific consensus of a large, 

interdisciplinary and 

international group of experts.

https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677
https://doi.org/10.1126/science.adl0677


Proposed IAQ standards  

Morawska, L., et al., 2024. Mandating indoor air quality for public buildings. Science, 383(6690), pp.1418-1420

Level Averaging time or setpoint

PM₂.₅, µg/m³ 15(i) 1-hour

CO₂, ppm

800 (absolute value)(ii) threshold

350 (delta)(iii) threshold

CO, mg/m³ 

100(iv)

 35(iv) 

 10 (iv)

15 minutes(iv)

1 hour(iv)

8 hours(iv)

Ventilation 

(L/s/person)

14(v) When the space is occupied 

(i) 2021 AQG 24-h level; (ii) when 100% of air delivered to the space is outdoor air, assuming that outdoor CO2 concentration is 450ppm. It is calculated based on a classroom scenario as 

described in the Supplement; (iii) Delta (Δ) is the difference between the actual CO2 concentration and the CO2 concentration in the supply air (iv) 2010 IAQG level; only including the 8h 
averaging time; (v) clean air supply rate in the breathing zone, where clean air is as defined earlier in section 3 (Allen et al. 2022). At 25°C and 1 atm (standard atmospheric pressure) for CO 1 

ppb = 1.15 µg/m3. Threshold is the concentration level of CO2 that must not be exceeded.

Scenario:

• 25 students

• 1 infected

Based on:

WHO AQG

WHO AQG

Scenario (as above)

R0 < 1

Do you know the basis for these values? 



We have the framework for change 

Chadwick’s transformation of sanitation infrastructure 

in the UK in 19th century was a paradigm change.

Because we (Australia, USA, EU, etc) already have:

• sophisticated building infrastructure

• public health regulatory frameworks

• workplace safety and public health law mechanisms

to support the required advances. 

Why?

➢ Changing the paradigm and modernising buildings to improve 

indoor air quality would produce benefits on a similar scale

➢ But the effort and investment required for modernisation will 

be much lower.



Thank you!

l.morawska@qut.edu.au 

Our goal:

to make clean indoor for all the norm! 

Have we learned the lessons already? 
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