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Accurate measurements of the size and quantity of aerosols generated by various human
activities in different environments are required for efficacious mitigation strategies and
accurate modeling of respiratory disease transmission. Previous studies of speech drop-
lets, using standard aerosol instrumentation, reported very few particles larger than
5 μm. This starkly contrasts with the abundance of such particles seen in both historical
slide deposition measurements and more recent light scattering observations. We have
reconciled this discrepancy by developing an alternative experimental approach that
addresses complications arising from nucleated condensation. Measurements reveal that
a large volume fraction of speech-generated aerosol has diameters in the 5- to 20-μm
range, making them sufficiently small to remain airborne for minutes, not hours. This
coarse aerosol is too large to penetrate the lower respiratory tract directly, and its rele-
vance to disease transmission is consistent with the vast majority of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infections initiating in the upper
respiratory tract. Our measurements suggest that in the absence of symptoms such as
coughing or sneezing, the importance of speech-generated aerosol in the transmission
of respiratory diseases is far greater than generally recognized.
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Respiratory tract infections are caused by a wide range of pathogenic organisms (1),
including a large array of respiratory viruses, such as influenza virus, rhinovirus, measles
virus, respiratory syncytial virus, adenovirus, and most recently, severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). In all these diseases, person-to-person spread
involves respiratory droplets, which originate from the mucus layer that covers the epi-
thelium of the respiratory tract or from oral fluid present in the mouth, mostly as
saliva. Thus, characterizing respiratory droplets is essential to understanding respiratory
pathogen transmission and will inform effective public health policies to curb infec-
tions. Four mechanisms for droplet generation are generally considered: breathing,
speaking (singing, laughing, etc.), coughing, and sneezing (2). Considering the well-
recognized importance of asymptomatic transmission of SARS-CoV-2 (3), our study
focuses on the first two of these mechanisms.
As highlighted by Wells (4) and Duguid (2) nearly a century ago, the vast majority

of respiratory droplets are smaller than ca. 100-μm diameter and fully dehydrate once
entering the atmosphere. These desiccated droplets can remain airborne for minutes to
hours before landing on solid surfaces. If generated by a person infected by a respira-
tory virus, they will contain virions that can remain viable and infectious for many
hours (5, 6). Upon inhalation, airborne particles can reach different parts of the respi-
ratory tract depending on their size: coarse aerosols with diameter D � 5 μm (7)
deposit in the upper respiratory tract (URT), and fine aerosols with D < 5 μm can
penetrate deep into the lower respiratory tract (LRT). Many viral pathogens, including
SARS-CoV-2, influenza, rhinovirus, and measles virus, can infect both URT and LRT
epithelia (1, 8, 9), with URT infections typically associated with mild initial symptoms
and LRT infections possibly resulting in life-threatening pneumonia (1, 10–13). Direct
infection of the LRT, before the adaptive immune system has been triggered by vacci-
nation or a preceding URT infection, presents a greater risk.
An URT infection also can expand into the LRT through microaspiration of oro-

pharyngeal fluids (14, 15). The extent to which inhalation of self-generated URT
cough, speech, or sneeze aerosols may contribute to this migration remains unknown.
However, it has been argued that this pathway could be significant because an infected
carrier is invariably at the center of their own speech aerosol cloud, which results in
strongly elevated exposure (16). The risk of migration from the URT to the LRT rises
with the viral load and the viability of the virus, which peak around and just prior to

Significance

Respiratory droplets are widely
recognized as the primary vehicle
in viral respiratory disease
transmission. Accurate
information on their number and
size distributions is important for
appropriate mitigation strategies,
for quantitative modeling of
airborne disease transmission,
and for evaluating the relative
importance of droplets originating
from saliva versus airway lining
fluid. A straightforward
experimental setup using
inexpensive, readily available
components is developed for
simultaneous characterization of
larger particles by video analysis
of laser light scattering and
monitoring of smaller sizes by an
optical particle counter.
Measurements indicate that in a
healthy volunteer, the airborne
mass of speech aerosol far
exceeds that generated by
breathing, even when accounting
for faster sedimentation of the
larger particles.

Author affiliations: aLaboratory of Chemical Physics,
National Institute of Diabetes and Digestive and Kidney
Diseases (NIDDK), NIH, Bethesda, MD 20892-0520

Author contributions: P.A. and A.B. designed research;
Y.S., J.M.C., and A.B. performed research; Y.S. and
J.M.C. analyzed data; and P.A. and A.B. wrote the
paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This open access article is distributed under Creative
Commons Attribution-NonCommercial-NoDerivatives
License 4.0 (CC BY-NC-ND).
1Y.S. and J.M.C. contributed equally to this work.
2To whom correspondence may be addressed. Email:
bax@nih.gov.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2203086119/-/DCSupplemental.

Published June 21, 2022.

PNAS 2022 Vol. 119 No. 26 e2203086119 https://doi.org/10.1073/pnas.2203086119 1 of 11

RESEARCH ARTICLE | APPLIED BIOLOGICAL SCIENCES
APPLIED PHYSICAL SCIENCES

OPEN ACCESS

https://orcid.org/0000-0003-1408-8034
https://orcid.org/0000-0003-1455-4349
https://orcid.org/0000-0002-8261-0624
https://orcid.org/0000-0002-9809-5700
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bax@nih.gov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203086119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203086119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2203086119&domain=pdf&date_stamp=2022-06-17


the onset of symptoms, respectively (17, 18). For the original
Wuhan strain of the SARS-CoV-2 virus, the onset of symptoms
occurs about 5 days after the initial infection (17, 19), but it
occurs somewhat earlier for the more infectious delta and omi-
cron variants (20).
To evaluate the risk of LRT infection, it is important to

know the size distribution of particles generated by various
respiratory activities. For talking, coughing, and sneezing, stud-
ies historically relied on slide sampling techniques of increasing
sophistication, followed by microscope observation (2, 21, 22).
Droplets generated by breathing or vowel sounds are numerous
but very small (�2 μm) and thus more difficult to evaluate
with those classical methods. Instead, such small droplets are
now commonly quantified by aerosol detection equipment,
such as optical particle sizers (OPSs), based on light scattering
(22, 23); aerodynamic particle sizers (APSs), based on the time-
of-flight measurement in an accelerating flow field (24); and
scanning mobility particle sizers that derive a particle’s size
from its mobility in an electric field and are best suited for very
small sizes (�1 μm) (25, 26). APS instruments are less efficient
at detecting medium-sized liquid particles, and undercounts as
high as 75% for 10-μm droplets have been reported (27).
There is some confusion in the literature about the hydration

state of reported sizes of respiratory aerosol particles, which
shrink by a factor of γ upon evaporation of their aqueous con-
tent, thus by a factor of γ3 in volume. After full dehydration, a
particle’s radius is determined by its amount of nonvolatile
matter. Estimates for γ vary substantially: Nicas et al. (28) pro-
posed γ = 2 for breath particles, based on data extracted from
breath condensate by Effros et al. (29) that indicated a high
fraction (ca. 8% wt/vol) of glycoproteins, presumably mucins.
Holmgren et al. (30) reported γ = 2.4 for breath particles
when the relative humidity (RH) is reduced from 99.5% in the
small airways to 75%. Bagheri et al. (26) observed γ = 4.5 for
singing particles in a diffusion dryer or γ = 4 for large saliva
droplets observed directly by microscope imaging. Some of
those measurements were conducted directly at the mouth
opening, observing the hydrated state using light scattering or
holographic imaging techniques (26, 31). Clearly, the concen-
tration of pathogens in dehydrated particles scales with γ3
relative to the originating airway lining fluid (ALF) or saliva.
However, the high uncertainty in the applicable γ value, which
is frequently not even reported, prevents accurate estimates of
airborne virus concentrations.
Recently, we and others demonstrated that speech particles

can be readily observed by simple video recordings of light scat-
tering by these particles (32–35). Such recordings not only pre-
sent a visually compelling warning to the public but also
provide opportunities to monitor particles before, during, and
after dehydration. Those light scattering measurements focused
on particles larger than a few microns due to technical sensitiv-
ity issues. The intensity of scattered light scales with the square
of a particle’s diameter, causing a dynamic range problem and
rendering it more challenging to observe the smallest particles,
especially in the presence of larger particles. Inexpensive, fast
consumer cameras typically use 10- to 12-bit analog-to-digital
converters (ADCs), thereby limiting dynamic range; while
detectors with an increased ADC range are available, their
speed is often insufficient for high-speed recording.
Here, we aim to evaluate the entire range of speech droplet

sizes produced during different breathing and speaking proto-
cols. To do so, we combined video-recorded light scattering
and an OPS to evaluate droplets from 0.3 to 100 μm. Our data
show a continuous spectrum that lacks previously reported gaps

in the size distribution (36). Our measurements confirm that
the gravitational settling rate for dehydrated particles larger
than 5 μm steeply increases with size, but considering the high
numbers, volumes, and airborne lifetimes of those particles,
they are likely to be a dominant factor in transmission of
disease.

Results

Because the aerosol concentration found indoors typically greatly
exceeds that of respiratory particles, either all measurements
needed to be carried out in a cleanroom or subjects needed to
clean their lungs by breathing through a high-quality, higheffi-
ciency particulate air (HEPA) filter for at least a minute prior to
measurements. The latter method was used for all our work.

Nucleated Condensation. When water-saturated air exits the
mouth ∼35 °C and thermally equilibrates with cooler, ambient
air, the RH surrounding emitted droplets can exceed 100%,
which leads to nucleated condensation and a rapid increase in
droplet size. As the RH of the expired air equilibrates with the
ambient air, droplet growth terminates, and droplets subsequently
shrink to their desiccated size. The temporary mass increase,
caused by nucleated condensation, accelerates gravitational sedi-
mentation, which can interfere with travel of the particle into
traditional aerosol detection equipment and produce a steep, size-
dependent drop in its detection efficiency. This effect may explain
the particle count discrepancy between studies employing particle
counters and those based upon microscope slide deposition. How-
ever, decreased efficiency of APS instruments in detecting larger
liquid particles will also play a role (27).

Our video recording of light scattered by expired air crossing
a 0.7-mm-thick sheet of bright light indicates a very large
number (>105 per liter) of breath droplets (Fig. 1), despite a
detection threshold of ca. 1 μm. Here, due to nucleated con-
densation, droplets whose scattering power would otherwise be
below the detection threshold have grown to sizes that are
detectable. These observations contrast with prior measure-
ments of breath droplets from healthy volunteers, which
showed ca. 100 particles per liter during normal, tidal breath-
ing, with the vast majority (�80%) of dehydrated diameters
smaller than 1 μm (27, 37, 38).

For our present recordings, the exhaled air enters the observa-
tion chamber through a carbon-fiber tube that terminates ca.
7 cm before the light sheet (Materials and Methods), and nucleated
condensation can occur during the entire travel time (ca. 0.5 s)
within the tube. The speed at which a particle grows (or shrinks)
under nonequilibrium conditions scales inversely with its radius
(39). Thus, smaller particles grow faster than larger ones, resulting
in droplets with relatively homogeneous brightness (Fig. 1). How-
ever, when the temperature of the chamber and carbon-fiber tube
was raised to ca. 32 °C, nucleated condensation vanished and the
observed particle counts drop to �100 per liter, consistent with
prior measurements (27, 37, 38).

Collecting Aerosols. The vast majority of prior studies aimed to
detect respiratory aerosols in real time, i.e., synchronous with
the time at which they were generated. However, because the
time needed for dehydration scales with the square of a par-
ticle’s initial D, it becomes challenging to detect particles at a
well-defined hydration state over a wide range of sizes. Here,
we overcome that limitation by first injecting a short burst of
droplets into a low-humidity chamber, where they desiccate
before settling to the floor of the chamber. This simple and
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inexpensive setup therefore eliminates the effect of accelerated
sedimentation caused by nucleated condensation.
In brief, two nearly identical 100-L steel chambers, each

with a hydrophobic coated interior surface, were used to collect
the respiratory aerosols (Fig. 2). Prior to measurements, the
chamber was purged with ultraclean air and filtered at 0.01
μm, and each chamber was connected to an overflow inflatable
polyethylene bag to prevent pressurization of the chamber
when exhaling into it. Typically, the ultrafiltered chamber air
was dried to ≤1% RH, but it could be adjusted over a wide
range (1 to 98%) by humidification of the purge air. A small,
adjustable-speed (3 to 20 L�min�1) muffin fan, mounted near
the center of the chamber, could be used to homogenize the
chamber contents faster than achieved by thermal convection.
For chamber 1 (Fig. 2A), a TSI-3330 OPS samples air from

the chamber at a rate of 1 L�min�1 and returns this air, after
HEPA filtering, to the chamber. The same chamber also con-
tains two slit windows that allow a thin sheet of bright laser
light (∼10 W.cm�2) to cross the chamber (Fig. 2A). A camera
mounted behind the chamber enables video recording of the
particles that scatter light when traversing the light sheet.
The advantage of our setup is that all respiratory aerosols

enter the low-humidity chamber, where even after a single,
large, ca. 5-L exhalation the RH remains below ∼10%. Therefore,

respiratory particles rapidly dehydrate and remain airborne or fall
to the bottom of the chamber prior to full evaporation of their
aqueous fraction if their initial D exceeds ca. 80 μm (40–42).
Dehydrated particles larger than ca. 20 μm mostly escape detec-
tion by the OPS because they settle to the bottom of the chamber
in less than a minute.

Such larger particles are readily observed in a second detec-
tion chamber that uses a 13-mm-thick, horizontal light sheet of
low optical power (∼0.1 W.cm�2) passing through it, just
above the floor of the chamber (Fig. 2B). With scattered
light detected by a camera mounted on top of the chamber,
ca. 60 cm above the light sheet, detection sensitivity is
much reduced with this arrangement, and only particles with
D � 4 μm are observable.

Observation of Large Particles by Light Scattering. Using the
second chamber (Fig. 2B), we searched for sounds that generate
many droplets, confirming that the “p” sound is particularly
productive. This finding agrees with historic photography by
Wells (43) and more recent high-speed video recordings that
show how “p” droplets originate from films and filaments that
form when two wetted surfaces, the lips, are parted (44). For
most subsequent measurements, we therefore used the word
“popeye,” where the two “p” sounds generate the droplets and
the “eye” provides the requisite puff of air that propels the par-
ticles toward the center of the chamber.

A single, loud “popeye” generates several thousand detectable par-
ticles, i.e., with D � 4 μm (Fig. 3 and Video S2). The brightness of
the scattered light represents an approximate indicator for the size
of the particle, but this intensity is modulated by interference effects
of the scattered coherent light and would require Mie scattering the-
ory for more quantitative analysis (31), which is not pursued here. As
expected, a large burst of bright particles is observed clearly within
the first few seconds (Fig. 3A), with their brightness negatively corre-
lated with the time that elapses after speaking the word “popeye”
(Inset in Fig. 3A). In other words, the larger and brighter particles fall
fastest and are the first to cross the light sheet, with the smaller, dim-
mer particles arriving later. The arrival time in the light sheet, 53 cm
below the speaker port, provides a measure for the average vertical
velocity, which according to Stokes’ law scales with ρD2, where ρ is
the particle density and D its diameter. For D = 10 μm and ρ =
1.3 g.cm�3, the Stokes velocity in air at room temperature is ca.
0.35 cm�s�1. Particles arriving in the light sheet within the first
few seconds therefore had initial D � 80 μm and have not yet
fully dehydrated when crossing the light sheet.

The arrival time in the light sheet, t � t0, determined from
the frame number in which a particle is first observed, corre-
lates well with the number of 8.3-ms video frames that particles
can be tracked while crossing the light sheet (Fig. 3B), and sim-
ilarly a fair correlation is observed between the arrival speed
and crossing speed (Fig. 3C). The observation that the crossing
speed is systematically lower than the speed derived from the
arrival time, t � t0, is attributed to partial dehydration by the
time the particle reaches the sheet. Analysis of the crossing
speeds indicates that these partially dehydrated aerosols are in
the 30- to 100-μm range (Fig. 3D).

After the initial burst of particles, a gradually decreasing
number of particles is observed to cross the light sheet, reflect-
ing the decrease in concentration of dehydrated aerosols
(Fig. 3A). The two mechanisms typically considered for this
decrease are gravitational settling for particles larger than a few
microns and, for smaller particles, diffusion-driven deposition
on the floor, walls, and ceiling. Both of these processes are
impacted by stirring and natural convection of air (45).
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Fig. 1. Video recording of laser light scattered by breath droplets. (A) Sin-
gle frame of a 120-fps video recording of exhaled breath, crossing a
0.7-mm-thick sheet of blue laser light. Particles have undergone nucleated
condensation, resulting in droplet sizes of ca. 1 to 2 μm. (B) Particle count
as a function of frame number. The integral of the number is depicted by
the solid black line, with the scale marked on the right side. Because the
sheet crossing time (ca. 3 ms) is shorter than the duration of a single
frame, very few droplets are visible in consecutive frames. The video is
available at https://doi.org/10.5281/zenodo.6131524.
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Multiple fairly bright particles are observed for tens of seconds
after their initial injection into the chamber (Fig. 3A), indicating
that convective air currents resulting from the injection of warm
speech air into the room-temperature chamber can interfere with
sedimentation. Modeling the effect of convection on both gravita-
tional and diffusional deposition is complex (46, 47). However,
considering that the dilution of small, �4 μm, aerosols in practice
is dominated by the rate of ventilation, we only focus on the effect
of convection on gravitational settling.
In a simplistic model, convection gives rise to uniform mix-

ing in the chamber except for a thin boundary surface layer

(47). Because gravitational settling on the smooth walls
and ceiling is negligible, only deposition on the floor of the
chamber needs to be considered. In the boundary layer, of
thickness δh just above the floor of the chamber, the number of
particles settling per unit of time is given by

dCN ðtÞ=dt ¼ �vδhCN ðtÞ, [1]

where v is the Stokes velocity and CN(t) is the number concentra-
tion of particles in the boundary layer. Because the particle concen-
tration must be continuous at the junction between the boundary
layer and the mixed contents, CN(t) decreases exponentially:

Fig. 2. Experimental arrangement for the two aerosol detection chambers. Speaker ports are labeled with S, W1 and W2 contain antireflective glass win-
dows for the entrance and exit of laser light, C is the camera window, IB is an inflatable polyethylene bag, IN is the inlet port for ultrafiltered air, and TSI is
the TSI-3330 optical particle counter. The laser light polarization is (A) vertical and (B) horizontal. For chamber 1 (A), a highly focused sheet (0.7-mm thick-
ness; ∼10 W.cm�2) is used, and laser windows W1 and W2 are tilted at Brewster’s angle relative to the light direction. For chamber 2 (B), the 13-mm-thick
light sheet covers nearly the entire floor of the chamber and is of lower optical power density, ca. 0.1 W.cm�2.
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Fig. 3. Analysis of a light scattering video recording of particles generated by speaking a single word, “popeye,” into chamber 2. (A) Integrated intensity of
individual particles as a function of time, t � t0, after the first “p.” For each particle, its trajectory while crossing the 13-mm-thick light sheet is identified, and
the reported intensity corresponds to the frame with the highest integrated value. The Inset shows the expanded region of the first 4.5 s, marked by the red
box. (B) Relation between the observed trajectory length and the arrival time in the light sheet. (C) Correlation between the sheet crossing speed derived
from the trajectory length and the arrival speed, derived from t � t0 and the 53-cm vertical distance between the speaker port and the light sheet. (D) Size
distribution of partially hydrated particles derived from crossing speeds. Video recordings can be accessed at https://doi.org/10.5281/zenodo.6131524.
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CN ðtÞ ¼ CN ð0Þ expð�v t=H Þ, [2]

where H is the ceiling height of the chamber. Hence, in its sim-
plest form, an exponential decrease with time of the concentra-
tion of particles is expected, where the decay constant for
particles of a given size scales with their Stokes velocity, i.e.,
with the square of their diameter. This result is in qualitative
agreement with the decrease in brightness of particles observed
during the first minute after the speech droplets enter into the
chamber, i.e., the largest particles settle first and are no longer
observable by light scattering (Fig. 3).

Particle Settling Rates from an Optical Particle Counter.
Whereas Fig. 3A shows more than 100 bright particles that
cross the light sheet and sediment to the floor of the chamber
during the first few seconds, it also highlights the presence of a
much larger abundance of particles that remain airborne. This
latter, inhalable fraction is increasingly held responsible for
virus transmission (48–50). When generated outdoors, particles
will rapidly disperse in the atmosphere due to air currents. By
contrast, indoor dispersion is restricted to the enclosed space,
with the concentration of pathogens steadily increasing the lon-
ger an infected person speaks or breathes. This is consistent
with the observation that outdoor transmission of respiratory
virus is far less prevalent than indoor transmission (51). Quan-
titative analysis of particle sizes and numbers of the airborne
fraction observed with the above camera system requires labor-
intensive image analysis and is challenging due to Mie scattering
effects. Instead, we siphoned a small fraction (∼1%/minute) of
the airborne, dehydrated contents of the chamber through an
OPS for sizing and concentration measurements, with the air
routed back into the chamber after HEPA filtering. The small loss
in particle concentration resulting from the HEPA filtering is eas-
ily accounted for. The TSI-3330 OPS used in our work reports
particle counts for bin sizes that are adjustable over the 0.3- to
10-μm range, plus an additional bin for particles > 10 μm.
Following the initial entry of speech aerosol, generated by 10

rapid repeats of the word “popeye,” the OPS is used to monitor
the decay in aerosols as a function of time and particle size
inside the sealed chamber (Fig. 4A). Whereas virtually no decay
is observed within the first half-hour for particles smaller than
∼2 μm, the decay for larger aerosols follows the exponential
profile of Eq. 2. As anticipated by Stokes’ law, for particles
� 5 μm, the apparent gravitational settling velocity, v, scales
linearly with the square of the particle diameter, with best
agreement for a particle density of 1.2 g.cm�3 (Fig. 4B). The
concentration of smaller aerosols decreases faster with time
than predicted by gravitational sedimentation, most likely due
to convection effects that facilitate their deposition on surfaces,
in particular for particles that carry a small charge and can
deposit electrostatically on the walls of the chamber (46, 47).
Whereas Eq. 2 predicts an inverse relation between ceiling

height and sedimentation rate, this relation is usually not
accounted for in modeling studies of airborne virus transmis-
sion. Here, we experimentally verify this relation by repeating
the measurements in a chamber of twice the original height. As
predicted by Eq. 2, for particles � 5 μm, the sedimentation
rates decrease about twofold upon doubling the chamber ceil-
ing height to 132 cm (Fig. 4B). Concentrations of the smaller
aerosols decrease at comparable rates when doubling the ceiling
height, consistent with a dominant contribution of electrostatic
diffusion deposition on the walls of the chamber, which scale
linearly with the height of the chamber and have a nearly 14
times larger surface area than the floor.

Strong thermal gradients are present in the chamber immedi-
ately following a burst of warm, expired air. As in our earlier
study (52), a small fan was used to first homogenize the con-
tents of the chamber for ca. 20 s, prior to the start of OPS
measurements. Residual convection and the small (1 L�min�1)
flow of air to and from the OPS then sufficed to keep the con-
tents homogenous on longer timescales. As expected (46, 47),
leaving the muffin fan running at a low speed (ca. 3 L�min�1)
during the entire half-hour of OPS detection slightly acceler-
ated the particle settling rates (Fig. 4C), but for all quantitative
measurements reported above, the fan was turned off ca. 20 s
after the last spoken word, and the OPS was started 10 s later.

A

B

C

Fig. 4. Sedimentation of speech particles. (A) Time dependence of the normal-
ized concentration, CN,D(t)/CN,D(0), of speech particles of diameter D in the
standard-height (66 cm) chamber after speaking 10 “popeye” words. Blue circle,
0.3 < D < 2.7 μm; green circle, 2.7 < D < 4.2 μm; yellow circle, 4.2 < D < 6.5 μm;
orange circle, 6.5 < D < 10 μm; red circle, D ≥ 10 μm. Error bars represent 95%
confidence intervals assuming the dominant source of error is Poisson noise. (B)
Relation between sedimentation rates, v(D)/H, for ceiling heights, H, of 66 cm
(hollow circle) and 132 cm (filled circle). The solid lines correspond to the sedi-
mentation rates calculated from Stokes’ law at 20 °C for spherical particles with
a density of 1.2 g.cm�3 (40). (C) Comparison of sedimentation rates, v(D)/H, of
aerosols in the double-height chamber in the presence and absence of stirring
of the chamber air by a muffin fan operating at ca. 3 L�min�1. Error bars in B
and C contain 95% of settling rate estimates obtained from regression with
4096-fold non-parametric bootstrap resampling of the data.
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Breath- and Vowel-Generated Aerosols. The size distribution
of particles generated by a given respiratory activity was
obtained by OPS sampling of the chamber contents after the
end of the activity. Knowing the sedimentation velocities, vD,
for particles of diameter D (cf. Fig. 4A), the concentration of
breath particles of diameter D expired at time 0, CN,D(0), is
obtained from the total number of particles, ND(T), collected
in the corresponding bin during the total sampling interval,
T (10 or 15 min):

CN ,Dð0Þ ¼ ð100=V ÞNDðT Þð60vD=H
þ 0:01Þ=f1 – exp½�T ð60vD=H þ 0:01Þ�g, [3]

where V is the volume of expired air, 100/V is the dilution fac-
tor after mixing with the chamber contents, 60vD/H is the
experimentally fitted sedimentation rate in units of reciprocal
minutes, 0.01 represents the effect of recirculating HEPA-
filtered air (1 L�min�1) back into the 100 L-chamber by the
OPS, and T is the duration of OPS sampling in minutes at
1 L�min�1. The volume, V, of expired air was derived from the
observed increase in humidity in the chamber (27, 53). With
the OPS sampling 1 L�min�1 from the chamber, CN,D(0) is in
units of particles per liter. All measurements reported below
include the settling correction of Eq. 3.
Shallow tidal mouth breathing, corresponding to 20 ca.

0.7-L breaths taken over a duration of 2 min, results in low
particle counts (Fig. 5A). Nearly all particles are smaller than
3.5 μm (Table 1 and Fig. 5), and gravitational settling is negli-
gible on the timescale of our measurement. Both the number
of particles per exhaled liter of breath (ca. 400) and the total
volume of dehydrated breath aerosol resulting from tidal mouth
breathing by our healthy volunteer were small, ca. 180 fL�L�1.
This total number of particles and their volume are comparable
to values reported by Morawska et al. (27) and Gregson et al.
(54). Using γ = 3, this breath aerosol corresponds to a liquid
volume of ca. 5 pL of droplet volume per liter of exhaled air, or
ca. 2.4 nL�h�1 for tidal breathing at a rate of 480 L�h�1.
The number of breath particles emitted can increase signifi-

cantly following deep exhalation and inhalation (38). For
example, deep exhalation, followed by breath holding for 5 s,
followed by maximum inspiration, and then expiration of 5 L
of breath into the chamber increases particle counts by about
30-fold over tidal breathing (Fig. 5A). This result is fully con-
sistent with prior reports (55, 56) and is widely interpreted as
proof for the film-bursting mechanism of breath droplet gener-
ation. In this mechanism, surface tension can result in fluid
plugs in the small airways, in particular during deep expiration
when their diameter decreases. These liquid plugs break open
during inspiration, generating droplets through the film-
bursting mechanism (57). The size distribution of the deep
exhalation maneuver shifts toward smaller sizes relative to tidal
breathing (Fig. 5A and Table 1), but the total volume of dehy-
drated aerosol per liter of exhaled breath increases about
15-fold to ca. 2.7 pL�L�1 (Fig. 5B).
A loud “aah” sound, representative of droplets generated by

the vocal folds, shows about a 10-fold increase in particle
counts over tidal breathing, with a small shift to larger sizes
(Fig. 5 A and B).
The total volume of dehydrated “aah” particles is ca. 13-fold

higher than for tidal breathing (Table 1), indicative of a some-
what larger average particle size but with very few that are larger
than 4 μm. Again, the reported values are in fair agreement
with the coarser size distribution of vowel particles reported by
Morawska et al. (27) and the results of Gregson et al. (54).

Aerosols Generated by Speaking. In contrast to vowel sounds
that produce a continuous airstream, articulation of consonants
during regular speaking leads to strong modulation of the flow
rate (58). We carried out two sets of measurements. First, we
used the common counting exercise (2, 21, 27) but truncated it
to just 12 numbers, 1 through 12, that were spoken loudly in a
single breath. Even after dilution of the ca. 4 L of breath in the
100-L chamber, the counting statistics when sampling just
∼15% of its contents are excellent and give an accurate repre-
sentation of the size distribution of the dehydrated aerosols
(Fig. 5A). Clearly, the size profile is nearly flat across the entire
0.3- to 10-μm range, which corresponds to a very large increase
in mass at the upper end of this size range (Fig. 5B).

The “p” sound is particularly effective at generating speech
droplets (43), but it was absent from most prior droplet mea-
surement studies, which relied on counting in the English lan-
guage. We therefore also used five loud “popeye” repeats,
spoken in a single breath, to evaluate the number of aerosols
resulting from this droplet-prolific word. Indeed, we observed
higher levels of aerosols across the entire size spectrum with the
“popeye” repeats than with counting in English (Fig. 5A).
Whereas the particle count values for small (≤1 μm) aerosols
formed by “popeye” repeats are comparable to those of “aah”
vocalization, the counts for particles � 2 μm are nearly flat
across the entire size range from 1 to 10 μm (Fig. 5A), resulting

A

B

Fig. 5. Number and total volume of particles per liter of expired air during
various respiratory activities, derived from Table 1. (A) Number of respira-
tory particles as a function of size for different exercises: counting 1 to 12
in a single breath (93 dB at 30 cm), repeating the word “popeye” (95 dB at
30 cm), an “aah” sound (96 dB at 30 cm), a deep exhalation maneuver (38),
and tidal breathing. (B) Corresponding aerosol volume distribution of par-
ticles immediately after the respiratory activity.
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in an enormous increase in the airborne mass of particles at the
upper end of our size range (Fig. 5B and Table 1).
Little variability (≤ ±25%) in the number of droplets was

observed when measurements were repeated within an hour,
but differences as large as 10-fold were observed when repeated
far apart. Notably, a sharp increase in the number of speech
droplets was observed after the consumption of a small apple.
This repeatable observation suggests that the number of speech
droplets may vary strongly with the composition of the oral
fluid and the dryness of the lips. Results presented in Table 1
are for sets of three to five measurements, separated by less than
a few hours and close to the median of all observations that
spanned many months. These data highlight the large volume
of speech aerosols in the ≥6.5-μm range.

Airborne Infectious Mass. The infectious airborne mass of par-
ticles, generated at time 0, decreases with time due to loss of
pathogen viability, ventilation, and sedimentation. Assuming
that upon inhalation the probability of acquiring an infection
scales linearly with the volume of the dehydrated particle, the
infection probability, I(D), can be written as a proportionality
(59, 60):

I ðDÞ∝D3=ðαþ βþ v=H Þ, [4]

where α is the ventilation rate in units of air changes per hour,
β is the decay rate for virus viability, and v/H is the sedimenta-
tion rate (cf. Eq. 2), which for D � 4 μm scales with D2

(Fig. 4B). A plot of the product of the mass of an aerosol and
the time it stays airborne versus D (Fig. 6A) then shows that at
small D, �4 μm, this product scales with the third power of D
due to its cubic relation to volume, whereas at large D (�30
μm), it scales linearly with D because the increase in volume is
largely offset by its faster sedimentation, which increases with
D2. Whereas an airborne large particle carries a higher patho-
gen load than a small particle, the number of small particles is
far higher. Therefore, to evaluate the importance of particle size
on infection probability, it is important to consider Eq. 4
in the context of experimentally measured particle size
distributions.
Assuming the commonly used well-mixed room model

(41, 59, 60) with a modest ventilation rate, α = 2 h�1, and a
slow virus viability decay rate, β = 1 h�1, we can estimate the
virus distribution as a function of aerosol size, following entry
of an infected person into a 50-m3 room with a 2.5-m ceiling
height. Calculations include continuous tidal breathing and
speaking a single “popeye” plus generating a vowel sound (1 L)
once every 3 min. Contributions from each type of activity are

shown separately (Fig. 6B). The distributions closely reflect
those of the corresponding aerosols at the time they are gener-
ated because the decrease in concentration of infectious particles

Table 1. No. and total dry volume, V, of aerosols per liter of exhaled breath during various respiratory activities

Bin range (μm)

Tidal breathing Deep exhalation “Aah” vowel Loud counting Loud “popeye”

No. (L�1)
V

(pL�L�1) No. (L�1)
V

(pL�L�1) No. (L�1)
V

(pL�L�1) No. (L�1)
V

(pL�L�1) No. (L�1)
V

(pL�L�1)

0.3–0.47 177 0.006 6,932 0.19 2,333 0.06 2,411 0.06 2,845 0.08
0.47–0.72 110 0.01 4,395 0.43 1,230 0.12 1,111 0.11 1,363 0.14
0.72–1.12 69 0.03 1,959 0.78 572 0.24 755 0.32 1,303 0.54
1.12–1.73 33 0.05 409 0.59 283 0.46 485 0.79 922 1.47
1.73–2.69 13 0.06 100 0.44 116 0.54 493 2.61 1,134 6.11
2.69–4.16 0.8 0.012 6 0.1 33 0.62 302 6.18 810 16.6
4.16–6.45 0.3 0.016 3.4 0.18 6 0.42 309 23.6 795 62.4
6.45–10.0 0 0 0 0 0 0 286 84.2 717 206
10–20 0 0 0 0 0 0 283 348 416 510

A

B

Fig. 6. Lifetime-weighted infectious respiratory aerosol mass. (A) Product
of the mass and airborne lifetime for a single aerosol as a function of its
diameter. The lifetime follows Eq. 4 for a ventilation rate of two air changes
per hour and a virus viability decay constant of 1 h�1. Sedimentation rates
follow Stokes’ law for 2.5- and 5-m ceiling heights and a particle density of
1.2 g.cm�3 (cf. Eq. 2). (B) Virus concentration for binned aerosol sizes, aver-
aged over 1 h, assuming the originating fluid contains 7 × 106 virions per
cubic centimeter and a nonvolatile matter fraction of 2%. Concentrations
are averaged over 1 h, after an infected person enters a 50-m3 room
(2.5-m ceiling). Values originating from different respiratory activities are
displayed: continuous tidal breathing (480 L�h�1), periodic (20 h�1) injection
of a 1-L vowel (aah) breath, and loudly speaking a single “popeye” (0.5 L) 20
times per hour, with aerosol concentrations taken from Table 1, ignoring
particles ≥ 20 μm. Bin n corresponds to the size range of (0.3 to 0.374) ×
1.245n�1 μm. Bin 17 corresponds to particles detected by the OPS but too
large (>10 μm) for sizing. Their average mass of 1.5 ng per particle is esti-
mated from their sedimentation rate (Fig. 4A).
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is dominated by ventilation and viability decay rates, i.e., (α + β)
≫ v/H. Only a moderate decrease of the importance of the largest
“popeye” aerosols is seen (Fig. 6B) compared to their initial vol-
ume distribution. Although sedimentation becomes significant
and decreases the relative importance of the largest particles, this
effect is only pronounced for aerosols ≥ 20 μm when the airborne
lifetime is less than a few minutes.
A better view of the relative contributions of respiratory

activities to the airborne infectious mass is obtained by compar-
ing aerosols generated by an infected person entering the same
room at time 0, breathing at a rate of 8 L�min�1, and speaking
a single, loud “popeye” once every 15 min. Again, the size dis-
tributions and numbers of droplets generated by breathing and
speaking are taken from our experimental measurements
(Fig. 5), and we distinguish fine and coarse aerosols, where the
latter can only deposit in the URT (11, 12). In this scenario,
the brief speech events generate large bursts of coarse aerosols
that decay about 10-fold in 15 min due to gravitational settling
of the largest particles (Fig. 7). By contrast, virus in breath
aerosols and the fine-aerosol “popeye” fraction increase over
time until reaching a steady state, where the influx of new par-
ticles approaches the rate of depletion by ventilation (Fig. 7).
As can be seen, the airborne mass generated by speaking just
four words over the duration of an hour is nearly an order of
magnitude larger than that generated by continuous breathing.
Our analysis neglects the impact of particles for which D �

20 μm. Such particles sediment too rapidly in our low-ceiling
chambers to be measured by the OPS. However, their airborne
lifetime scales roughly linearly with ceiling height and it is
likely that in real-life settings, those with high ceilings and suf-
ficient stirring of the air, such larger particles can make a signif-
icant contribution to the total aerosol burden.

Discussion

Efficacious mitigation strategies and accurate modeling of respi-
ratory disease transmission require accurate data for the size
and quantity of respiratory aerosols across the entire range.
However, most important are those that do not immediately
sediment prior to dehydration. Both interferometric Mie imag-
ing (26, 31) and holographic imaging (26, 31) offer unique
opportunities to view any droplet larger than a few microns
directly at the mouth opening. However, practical difficulties
in capturing the narrow jet of respiratory air into the small
viewing window of the camera were reported to introduce large
uncertainties in the total number counts (26, 31). Our
approach enters all respiratory droplets directly into the low-
humidity chamber. Larger droplets, �80 μm, that do not fully
dehydrate and fall to the bottom within the first few seconds
are viewed by laser light scattering and sized based on their
Stokes sedimentation velocity (Fig. 3). More important are
droplets that start out �80 μm and that fully dehydrate prior
to gravitational settling. Their numbers, sizes, and settling rates
are then accurately measured by an OPS. A disadvantage of our
method is that the temporal component, which correlates par-
ticles to specific sounds, is lost because OPS sampling lasts for
minutes after the particles have entered the chamber.

Our measurements revealed an abundance of particles in the
5- to 20-μm range. These coarse aerosols stayed afloat for minutes
and dominated the airborne mass fraction (Fig. 6). Such
intermediate-sized particles are implicated in the Marin County ele-
mentary school superspreader event, where an infected teacher
removed their mask while reading to the class (61). The attack rate
of students seated in the two rows closest to the teacher’s desk was
80%, versus 28% in the three back rows. The strong spatial gradi-
ent in attack rate points to a decrease in airborne pathogen concen-
tration with increasing distance from the index case, as expected for
aerosols that have gravitational settling rates of only a few minutes.
In all cases, students were well beyond the 6-foot distance often
associated with droplet transmission (62). The attack rate was high
despite adequate ventilation: the classroom door and windows on
opposing walls were left open, with breezy weather conditions for
Marin County on the most likely day transmission took place (May
19, 2021), as well as the preceding day and following day.

While our values for breathing- and vowel-generated par-
ticles are comparable to prior measurements, we find far higher
speech aerosol numbers for particles � 3 μm than prior studies
(27, 35, 54, 63). The dichotomy between these APS-based
measurements and our earlier laser light scattering observations
(32, 52) was noted to strongly impact the modeled risk of virus
exposure associated with respiratory events (41). Strikingly,
high-quality light scattering observations by Alsved et al. (35)
also showed an abundance of bright speech particles, but APS
measurements in the same study found none larger than 4 μm.
Asadi et al. (63) concluded that particle emission rates, mea-
sured by an APS, positively correlated with vowel content and
that the word “papa” produced very few aerosol particles, in
stark contrast with our prior and present measurements and
those by others (44).

The APS and other particle counter measurements typically
guide speech air and its particles through a funnel and a hose
toward the APS detector, a setup that involves minimal losses
when dealing with small particles in a low-humidity atmo-
sphere (64). However, far larger losses may be expected when
transporting droplets in a supersaturated atmosphere where
they will rapidly grow, as shown for expired breath cooled
down to room temperature (Fig. 1).

Fig. 7. Airborne virus concentration generated by a person breathing and
speaking. Graphs correspond to one person entering a 50-m3 room while
tidal breathing (black) at a rate of 480 L�h�1 and loudly speaking the word
“popeye” (0.5-L exhalation) once every 15 min (red). Calculations are for
losses due to air turnover (2 h�1), but neglecting the smaller effect of virus
viability decay, and are for 7 × 106 virions per cubic centimeter in the fluid
from which the aerosol derives. Graphs correspond to the particle size dis-
tribution of Fig. 5 and Table 1. The solid black line for larger tidal breathing
particles is merged with the baseline.
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The decrease with time of the ≥4-μm aerosol concentration,
observed in our chamber, correlates well with the expected sedi-
mentation velocities of the various particle sizes (Fig. 4). This rela-
tion then allows interpretation of the OPS ≥ 10-μm overflow bin
as having a geometric mean diameter of ∼13.3 μm. It is a limita-
tion of our experimental setup that even larger particles, which
sediment too fast for counting by the OPS, remain undetected.
However, our light scattering arrangement highlights the presence
and approximate size and volumes of such particles (Fig. 3).
Whereas the reopening of transiently closed small airways is

widely considered to be the dominant mechanism for generat-
ing breath droplets (38), measurements on the effect of surface
tension in the airways of anesthetized bull calves revealed addi-
tional mechanisms that involve turbulent dislodging of ALF in
the bronchi and trachea (65). Our measurements, and most lit-
erature data taken on healthy volunteers, indicate a low total
mass of breath aerosol, ca. 100 ng�h�1. Prior to dehydration,
this corresponds to 1 to 5 μg of ALF, depending on its nonvol-
atile fraction (26, 28), or 1 to 5 nL�h�1 of breathing. For a viral
load of 7 × 106 virions per cubic centimeter (18), many of
which will not be viable, these values appear to be too low to
be responsible for the high airborne contagion by asymptomatic
carriers seen for SARS-CoV-2. However, it is likely that in
patients with an active infection of the bronchi or small air-
ways, inflammation will lead to swelling, which may promote
the transient airway closure mechanism precisely at those loca-
tions where virus sheds (66). Indeed, a strong elevation in
breath aerosol was observed for macaques when infected with
SARS-CoV-2 (67), and high viral counts in the breath conden-
sate of hospitalized patients (68) appear to be incompatible
with the low quantity of breath aerosol seen in healthy people.
In a room occupied by people, and therefore containing sub-

stantial temperature gradients, the vertical component of air
currents invariably is at least a few centimeters per second; i.e.,
it exceeds the Stokes velocity of aerosol particles smaller than
∼25 μm. Such aerosols therefore will mix across the entire
vertical dimension of the room. Theory predicts, and our
experiments confirm, that the rate of sedimentation correlates
negatively with ceiling height (cf. Eq. 2). This slower sedimenta-
tion therefore counteracts the effect of greater dilution of the
respiratory aerosol, which scales with room volume and therefore
with ceiling height. It is conceivable that such high ceilings, com-
bined with relatively low ventilation, may be one of the confound-
ing factors contributing to substantial disease transmission rates
noted in ice rinks and other sports facilities (69).
Modeling analyses of well-documented superspreader events

have linked the approximately known number of virions in respi-
ratory fluid to the attack rate in susceptible persons as a function
of duration of exposure, physical activity, ventilation, and other
factors (41, 59, 70). The virus-containing aerosol mass, based on
past particle counter measurements, mostly lacked the dominant
coarse-aerosol fraction. These modeling calculations then were
consistent with observed infection rates only when assuming very
high probabilities of 1 to 10% for an individual inhaled virion to
result in a new infection. Although deep genome sequencing has
shown that in most cases a single virion is responsible for disease
transmission (71), the probability that an inhaled virion success-
fully invades a new host and creates progeny is very low: A recent
study found that 53% of healthy human volunteers became
infected upon nasal inoculation with 10 TCID50 units (72),
where TCID50 refers to the tissue culture infectious dose, equiva-
lent to ∼104 RNA copies (73).This ca. 1,000-fold discrepancy
between the infection probability of individual virions, obtained
from the modeling results and from the human challenge study, is

strongly reduced when including the large airborne mass fraction
of coarse aerosol observed in our measurements.

Our study has several important implications. First, our
observation that the airborne mass of coarse speech aerosol,
which cannot penetrate the LRT, is nearly two orders of mag-
nitude larger than that of fine aerosol is consistent with the
observation that the vast majority of SARS-CoV-2 infections
starts out in the URT. Importantly, virus-containing breath
aerosol, likely to be prevalent in hospital wards occupied by
COVID-19 patients with viral pneumonia, is smaller than
5 μm (Fig. 5). This fine aerosol can enter the lungs and may be
linked to the high death rates among medical personnel during
the early phase of the pandemic, before the use of high-quality
respirators became widespread (74).

Second, even though breathing is a continuous activity, our
analysis shows that the aerosol mass generated by speaking
just a few words per hour can be far larger than that generated
by breathing (Fig. 7). Breath particles originate in the lungs
and will only contain virus if the infection involves the LRT,
which is usually accompanied by symptoms. Most asymptom-
atic transmission therefore involves carriers with infections of
the URT, where speaking represents the dominant mechanism
for generating virus-containing aerosols. Such speech aerosols
can be transported over considerable distances in conical, jet-
like flows before dispersing in the atmosphere (58). The
importance of speech droplets in SARS-CoV-2 transmission is
highlighted by a review of documented superspreader events
(75), with the vast majority found in places such as bars, res-
taurants, conferences, and cocktail receptions, all of which
involve loud speech, and none reported for movie theaters or
libraries, where speech activity is minimal (76). The high viral
loads identified in saliva (77), in particular prior to the onset of
symptoms (72), are consistent with the importance of speech aero-
sols in transmission of SARS-CoV-2 and suggest that reducing the
concentration of viable virus in saliva may be effective at curbing
transmission (78).

Third, the relatively rapid gravitational sedimentation of
coarse aerosol, on the timescale of minutes (Fig. 7), poses chal-
lenges to the mitigation of virus transmission by increased ven-
tilation. On the other hand, ventilation will effectively reduce
the concentration of speech and breath fine aerosol that poses
the greatest risk of severe disease.

Concluding Remarks

A proper, quantitative understanding of the size distribution of
respiratory droplets forms the basis for all efforts at quantitative
modeling of airborne virus transmission (41, 59, 60, 70, 79, 80).
Our results suggest that the quantity of speech aerosol, in particu-
lar in the �4-μm range, may have been strongly underestimated
in many prior reports. The experimental setup used in our work is
simple, inexpensive, and essentially loss-free for particles that fully
dehydrate prior to sedimentation in the dehydration chamber, i.e.,
particles smaller than ca. 80 μm in their original, fully hydrated
state. We hope that our findings will stimulate new research to
obtain a better quantitative understanding of speech aerosols as
generated in real-life settings, and their role in transmission of
infectious respiratory diseases.

Materials and Methods

All measurements of respiratory droplets were carried out for a single volunteer
under an exemption from the Institutional Review Board of the NIH. The OPS used
for our work (TSI-3330; TSI, Shoreview, MN) was factory calibrated prior to measure-
ments. Background counts typically were ≤2 L�1. Background counts including
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opening the speaker port, positioning the mouth, and closing the speaker port
were ≤5 L�1, with all background counts corresponding to particles ≤ 0.47 μm.
Measurements were carried out by breathing or speaking into one of two steel
chambers, each with dimensions of 39 × 39 × 66 cm (width, depth, and height)
for a total volume of 100 L (Fig. 2). Most measurements were carried out in cham-
ber 1. For details regarding the experimental setup, measurement of breath vol-
umes, and light intensity linearization of video recordings, see SI Appendix.

Data Availability. Video recordings have been deposited in Zenodo (https://
doi.org/10.5281/zenodo.6131524). All other study data are included in
the article.
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