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Abstract

We report experimental results on aerosol dispersion in two large German cash-
and-carry hardware/DIY stores to better understand the factors contributing to
disease transmission by infectious human aerosols in large indoor environments.
We examined the transport of aerosols similar in size to human respiratory
aerosols (0.3 µm–10 µm) in representative locations, such as high-traffic areas
and restrooms. In restrooms, the observed decay of aerosol concentrations was
consistent with well-mixed air exchange. In all other locations, fast decay times
were measured, which were found to be independent of aerosol size (typically a
few minutes). From this, we conclude that in the main retail areas, including
at checkouts, rapid turbulent mixing and advection is the dominant feature
in aerosol dynamics. With this, the upper bound of risk for airborne disease
transmission to a susceptible is determined by direct exposure to the exhalation
cloud of an infectious. For the example of the SARS-CoV-2 virus, we find
when speaking without a face mask and aerosol sizes up to an exhalation (wet)
diameter of 50 µm, a distance of 1.5 m to be unsafe. However, at the smallest
distance between an infectious and a susceptible, while wearing typical surgical
masks and for all sizes of exhaled aerosol, the upper bound of infection risk is
only ∼ 5% and decreases further by a factor of 100 (∼ 0.05%) for typical FFP2
masks for a duration of 20 min. This upper bound is very conservative and we
expect the actual risk for typical encounters to be much lower. The risks found
here are comparable to what might be expected in calm outdoor weather.
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1. Introduction

Humans spend most of their time indoors and it is important to keep the air
in enclosed living spaces free of pollutants and other harmful substances. Air-
borne infectious diseases such as Severe Acute Respiratory Syndrome (SARS),
avian flu and swine flu (H1N1), and more recently COVID-19 are transmitted
through direct and indirect contact with an infectious person [1, 2, 3]; with the
predominant route of transmission for SARS-CoV-2 being via airborne transport
of respiratory aerosols [4] released from the respiratory tract of an infectious per-
son. (In this study, we use the terms particle(s) and aerosol(s) interchangeably
to refer to <100 µm particulate matter suspended in air, regardless of compo-
sition.) The size of Human aerosol emissions vary greatly in magnitude and
span length scales of several decades. While moist exhaled aerosols larger than
50 µm settle by gravitational deposition on room surfaces before drying, smaller
droplets dry rapidly, thereby shrink, and due to their small mass remain airborne
for extended periods of time [3]. Such aerosols may contain single or multiple
copies of pathogens when exhaled by an infectious, and when inhaled by a sus-
ceptible, there is a risk of infection given by the absorbed dose of pathogens
[5]. In order to control and minimize airborne transmission risk by infectious
aerosols, it is essential to further our understanding of aerosol dynamics and
dispersion across their large spectrum of size distributions.

The spread of aerosols and the infection risk of respiratory diseases have
been studied in different close contact indoor environments, such as aircraft
cabins [6], buses [7], hospital wards [8, 9], and residential buildings [10, 11].
Most studies consider a well-mixed room and study fine aerosol dispersion (e.g.
<10 µm) under such assumptions [e.g. see 12, 13, 14, 15, 16, 17, 18, 19, 20,
21]. In well-mixed room models and their generalizations, it is assumed that
the contaminants (i.e. aerosols) are fully mixed into the whole volume of the
room before they reach the destination of interest. As a result, the aerosol
concentration is the same at all locations in the room and when the source is
removed, the concentration decreases exponentially with time due to aerosol
removing mechanisms such as deposition and air exchange [22],

N(t) = N0 exp

(
−Q
V
t

)
, (1)

where N0 is the initial aerosol concentration, Q is the room clean-air supply
rate typically in m3 h−1 and V is the room volume. The ratio Q/V is also
known as the nominal Air Changes per hour (ACH). In cases where the mixing
of the clean air with the room air is not perfect and/or when the particulate
matter is removed with an imperfect filtration device, Q should be replaced
with the effective supply rate QE = mQ, where 0 < m ≤ 1. This lead to the
derivation of an effective ACH = QE/V , which can be reformulated to calculate
the decay time τ defined as the inverse of the effective ACH. The exponential
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decay shown in Eq. 1 strictly applies to an ideal well-mixed closed room. As
we shall show later, exponential decays can also appropriately approximate the
decay of aerosol concentration in open spaces, where the well-mixed assumption
does not clearly apply.

There are special cases where the well-mixed assumption is a good approx-
imation, e.g., in small spaces and when sufficient time has elapsed since the
release of the pollutant. In practice, however, local emission sources always
cause concentration fluctuations in the room, even if the air flow in the room is
a fully developed turbulent flow. In particular, the well-mixed model fails when
the volume of the room increases and/or the distance between the source and
the target is large. In such situations, the aerosol concentration gradients can
be taken into account with different methods, such as dividing the room into
near-field and far-field regions [23, 24, 22, 25, 26, 27] or by performing detailed
numerical simulations of specific scenarios [28, 29, 30].

Additionally, previous experimental work has shown that in the near-field
region three different time-scales govern the aerosol concentration evolution in
time, namely tα, tβ , and tγ [31, 32, 33]. The first time-scale, tα, refers to
when the source is active. The duration in which the source is no longer active
and the space is not yet in a well-mixed state is tβ . And tγ is the duration
from when the space is well-mixed to when the aerosol concentration reaches
that of the background. Turbulent mixing caused, for example, by mechanical
flow devices, human presence, and thermal convection results in the space to
become well mixed. If tα + tβ � tγ then the well-mixed room model was
proposed to be an adequate assumption for exposure risk calculations [31]. For
well mixed situations, experimental studies have examined the best strategies
for ventilation of indoor spaces such as schools [34], hospitals and clinics [35,
36], and homes [37]. Others studied the transport dynamics of pollutants in
various confined indoor spaces [38, 39, 40] and how human presence and activity
can affect these dynamics [41, 42, 43, 44]. Studies also expand upon single
room confined spaces by looking at multi-zone indoor environments and how
aerosols can transfer from room to room and how this transport affects aerosol
concentration [45, 46, 47, 48].

To the best of our knowledge, there has not been an experimental investiga-
tion of aerosol transport in considerably large (>1000 m3) indoor spaces, where
the well mixed assumption is known to fail. Risk of infection due to airborne
disease transmission in daily-encountered environments, such as large grocery
stores, shopping malls or hardware/DIY stores, have become the center of de-
bate during the COVID-19 pandemic. The key questions in such environments
are: (i) how and how quickly do local contaminants, such as respiratory aerosols
produced by an infectious, disperse; (ii) what is the typical residence time of
contaminants; (iii) what is the influence of store layout, presence of people, and
type of ventilation; and (iv) what is the risk of infection from infectious aerosols.

To answer these questions, we conducted a series of experiments in two large
cash-and-carry/DIY stores in Germany. We chose these stores because they
have different layouts and ventilation mechanisms. We studied the transport
of aerosols similar in size to human respiratory aerosols (0.3 − 10 microns) in
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different locations of these stores and recorded their spatio-temporal evolution
with four aerosol spectrometers. We studied high traffic locations, where close
contact with people is more likely, to see how the presence of people affects
aerosol transport. We also studied the effect of room layout and the possibility of
aerosol transport through corridors and shelves. Our experimental observations
show that exposure to local emissions, also known as near-field exposure, is
the most important factor contributing to the risk of infection from airborne
diseases and that the accumulation of infectious aerosols is negligible. As an
example, we provide the upper bound of SARS-CoV-2 infection risk for various
preventive measures such as social distancing and mask wearing. Our findings
can also be applied to outdoor risk assessment in calm weather, which is similar
in all respects to large indoor spaces, especially with respect to the upper bound
calculations of infection risk presented here.

2. Methods

2.1. Experiments

The experiments were performed at two different hardware stores in Ger-
many. The stores have the typical layout of similar cash-and-carry/DIY stores
with high ceilings (∼10 m) and large indoor space. The two stores have different
ventilation systems where Store 1 had ventilation units installed periodically on
the ceiling as shown in Fig. 1(a) and Store 2 had ventilation units installed on
the walls of the store, as shown in Fig. 1(b). Store 1 had a total volume of
∼190.000 m3 in which the garden center had a volume of ∼45 000 m3. The main
retail area, not including the garden center, had a maximum air exchange rate
of 57 800 m3 h−1 provided by the ventilation units which yield a nominal ACH
of 0.4 h−1. Store 2 had a volume of ∼60 000 m3 in the main retail area and
∼40 000 m3 in the garden center. The measured air exchange rate was depen-
dent on the specific location in Store 2 as proximity to ventilation units and
entrances influenced the exchange rate and air currents, which made a determi-
nation of a nominal ACH not possible. Fig. 1 also shows the locations in which
the aerosols were released and aerosol measurements took place. We measured
specific areas of interest with higher potential for the risk of infection, such as
high traffic areas with high number of customer visits and prolonged customer
dwelling times. Additionally, as the store shelving may influence aerosol trans-
port, experiments were conducted in such areas with shelf layout also shown in
Fig. 1.

The aerosol measurements were conducted with four Optical Particle Sizer
(OPS) spectrometers manufactured by TSI, model ”Type 3330”, all of which
were calibrated no later than a year before the dates on which the experiments
were conducted. The individual devices are labeled as position 1, 2, 3 and 4
in each of the experiments. Each spectrometer measures particle sizes in the
range of 0.3-10 µm. The devices allow for a maximum of 16 custom selected
bins for size distribution analysis. In this investigation we used 16 bins that
were evenly spaced on the logarithmic scale. The sampling time was set to 1
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Figure 1: Schematics of the store layouts with ventilation units marked as well as entrances
and exits that provide additional air exchange with the outside. The locations of dust release
and aerosol measurement are also marked. Only the shelving around experimental cites are
shown.
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second, which yields a sample volume of 16.7 cm3 per sample. The OPS devices
were placed on ladders or shelves during measurements at approximately the
typical breathing height of an adult human (1.5-2 m above ground level). The
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102

103

Figure 2: Size distribution of the DMT test dust measured immediately after the release with
the OPS.

aerosol used in the experiments was a dolomite test-dust from DMT GmbH &
Co KG with diameters of less than 20 µm as specified by the manufacturer. The
aerosol size distribution of this dust is relatively flat over the whole aerosol sizes
and is shown in Fig. 2. The dust was released at approximately 1.0-1.5 m above
ground in order to have situations similar to human aerosol generation. The
release was obtained by shaking a dust-filled microfiber cloth of size 30cm x
30cm several times in a 33 L bucket and for a total duration of <5 s. Within
the requirements of the experiment, this allowed for a satisfactorily controlled
local release of dust, while minimizing the flow generated by the movement of
the cloth itself.

For flow visualization around inlet and outlet vents in Store 1, we used a
commercial fogger (Smoke Factory GmbH), and a 5 W continuous wave (CW)
frequency-doubled Nd:YAG laser that with a cylindrical lens produced a light
sheet of approximately 3mm beam width and opening angel of 90◦. Fig. 3 shows
an example of flow visualization with the laser sheet under an exhaust vent, re-
vealing the turbulent structures in the airflow by the concentration fluctuations
of the turbulently entrained fog. A thermal imager (VarioCam head from Jenop-
tik Laser Optik Systeme GmbH, equipped with an IR 1.0/25 LW lens) was also
used to measure the temperature distribution at several experimental sites to
determine whether thermally induced convective aerosol transport is possible.
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Figure 3: Flow visualization with a laser sheet reveals the turbulent vortices in the store air
currents and their size distribution.

2.2. Data analysis

In this study, we examine the main features of aerosol concentration evolu-
tion using two parameters, namely the aerosol decay time and the 90% aerosol
residence time. These time scales indicate how long it takes for test aerosols
to become indistinguishable from background aerosols. The smaller these time
scales, the faster a space returns to background conditions after aerosol release
was stopped, and the lower the aerosol accumulation in space.

The aerosol decay time τ can only be measured if a significant portion of
aerosol concentration evolution can be approximated by an exponential decay.
This, however, is the case for only 42% of our measurements, i.e. 54 out of 127,
which could be fitted well with an exponential similar to Eq. 1 with r2 ≥ 0.7.
The starting point of such a fit was usually either the local maximum in aerosol
concentration or the point in time immediately following the sharp drop that
followed the maximum. The end point was either the termination of the time
series or the point at which the background concentration was reached, or the
point at which the concentration reached a plateau. In addition, the fit was not
applied to regions where a sudden drop in aerosol concentration was observed.
Some measurements required manual tuning of start and end points due to
multiple peaks and other deviations from the ideal case of a simple exponential
decay. We attribute these large variations to quickly changing air currents
generated by the presence of customers (motion wakes and thermal convection)
near the instrument.

The second parameter that parameterizes aerosol dynamics is the 90% aerosol
residence time, which allows us to determine the event duration and, as shown,
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can be related to the aerosol decay time. The 90% aerosol residence time is
calculated based on the cumulative normalized concentration evolution. By
definition, the cumulative normalized concentration is a monotonically increas-
ing function of time with values between 0 and 1. From this function, the time
for reaching a certain concentration level can be determined. We use the times
where the cumulative normalized concentration is 0.05 (5th percentile) and 0.95
(95th percentile) to determine the time span that covers 90% of the total aerosol
concentration t90%.

It should be noted that in some experiments, the aerosol concentration at
one or more measurement locations was not sufficient for quantitative analysis
as the aerosol dust was carried away by weak air currents from the measurement
locations. A threshold of 5% total concentration relative to the maximum total
concentration was set for discrimination, and 104 of 127 data sets exceeded this
threshold.

2.3. Infection risk

The infection risk calculations follow the methods described in [49], which
were developed to estimate an upper bound for COVID-19 infection transmis-
sion risk from human aerosols in large indoor environments. Two scenarios are
considered:

• distancing scenario in which unmasked individuals are separated by
1.5 m meters and the susceptible individual is always in the exhalation
cloud of the infectious individual. Aerosol concentrations in the breathing
zone of the susceptible individual are estimated to be diluted by a factor
of 15 compared to concentrations generated by the infectious individual.

• mask scenario in which persons wearing half-face masks are in close
proximity to each other, while the susceptible person inhales all exhaled
air directly from the infectious person’s face mask. Only surgical and
FFP2 masks are considered. Aerosol size-dependent inhalation and ex-
halation leakages from Bagheri et. al. [49] are used which are based on
measurements with human subjects.

In both scenarios, the susceptible person is breathing, while the infectious
person is either breathing or speaking. It should be noted that the mask scenario
greatly overestimates the risk of infection as explained in Bagheri et. al. [49]. In
short, the main emission from individuals wearing face masks is due to leakage
flows between the mask and the face. For FFP2 masks, leakage occurs mostly
at the sides of the nose and is directed upward; for surgical masks, nasal leakage
and cheek leakage to the side are significant. To achieve an upper bound for
infection risk all exhaled air is inhaled by a masked individual. When considering
geometry alone, the upper bound given here may overestimate the risk by at
least a factor of 10; when considering turbulent mixing away from the person,
it may overestimate the risk by at least a factor of 100. However, because the
upper bound is the most conservative and best estimate of the risk for aerosol
transmission of disease, the results are presented as such.
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It is assumed that both individuals are 35 years old. Gender and BMI have
little effect on the estimation of the upper bound. In addition, the viral load
in the respiratory fluid of the infectious individual is assumed to be constant
across all aerosol sizes and equal to 1.5 × 108 mL−1, which is close to the mean
viral load for the initial SARS-CoV-2 variant but lower than those found for the
B.1.1.7 variant [50]. The SARS-CoV-2 infective dose required for 63.21% chance
of infection is taken to be 200. Both values are within the range reported in the
literature on the current variants of the virus [49]. Aerosol size distributions
for breathing and speaking activities investigated here are obtained from the
HEADS database [51]. Aerosols with exhale (wet) diameter of <50 µm are
considered for calculating risk of infection, assuming that larger aerosols deposit
on the mask fabric or room surfaces before reaching the susceptible individual.
Virus inactivation is negligible for the investigated duration of up to 60 min.

For both scenarios, it is also assumed that all aerosols inhaled by the suscep-
tible individual have become smaller by a factor of 4 due to drying than when
they were generated in the respiratory tract of the infectious individual [49].
Ventilation rates and deposition in the respiratory tract of the susceptible indi-
vidual are calculated based on the ICRP lung deposition model [52], where the
inhaled aerosols undergo time-dependent hygroscopic growth and under best
estimates are only composed of water and NaCl. The risk of infection is cal-
culated under the assumption of an exponential model and monopathogenic
aerosols [5]. Note that for the parameters studied here, the polypathogen model
yields a lower infection risk [5] and therefore the monopathogen model is best
for estimating the upper bound. We also assumed that the initial absorbed dose
to the susceptible individual was zero.

If the indoor space is sufficiently large the accumulation of virus in the back-
ground is negligible. In the case of a large open space, the threshold sufficiently
large can be estimated such that the sum of the exhaled volume for each per-
son for a residence time of 1 h in the room is <1% of that of the capped room
volume. The capped room volume represents the estimation for an effective
(virtual) room size, it is the area of the room multiplied by 2 m as the capped
height, which is a conservative estimate of the height at which most of the ex-
haled cloud should dwell (in practice, this depends on the type of ventilation,
the buoyancy of the exhaled cloud, and other factors). Given a typical respira-
tory rate of 0.5 m3/hour for breathing/speaking activities for an adult person,
the occupancy density that meets our criterion is 25 m2/person.

The initial viral concentration of the air is also assumed to be zero. Note
that the infection risks presented here therefore do not apply to situations in
which the infectious person is in a fixed location for a long time, i.e. >1 h.
In this case, infectious aerosol accumulation is possible and well-mixed zone
assumptions with actual air exchange rates should be considered. For this a
detailed knowledge of the individual situation is necessary. However, since the
upper bound is already quite generous in estimating the risk of infection, we
expect that the risk of infection in such situations will not exceed the upper
bound given here for realistic situations, where some airflow and air exchange
can be expected. In addition, the aerosol decay time, τ , should be<4 min so that
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the influence of viral accumulation in the space between individuals compared
with that of the exhalation cloud is <10% [49]. For more details on infection
risk calculations and the effects of different masks on infection risk, see Bagheri
et. al. [49].

3. Results and discussion

3.1. Aerosol decay

Aerosol measurements were performed at different locations in the two stores
to study aerosol transport in different scenarios and environments. For exam-
ple, areas where customers typically take longer to find a particular item were
studied, which also results in these areas having a higher number of visitors at
a given time. Such locations are important for realistic calculations of infection
risk in large indoor spaces, where local aerosol concentrations have the highest
probability of causing infection. Measurements were also conducted in confined
spaces with lower ventilation rates, such as public restrooms.

The measured decay times and 90% aerosol residence times for experiments
performed in the two hardware stores are shown in Table 1. Examples of exper-
iments with good quality exponential fits are shown in Fig. 4(a). Experiment 1
shows the aerosol concentration measured in the restroom of Store 1 where the
mixing timescale is much larger than the other timescales involved (tα+tβ � tγ).
Thus, the restroom can be considered a well-mixed room, where aerosol decay
time was found to be long due to low ACH. In contrast, experiments 2 and 7
were conducted in the open retail areas of Store 1, where the assumption of a
well-mixed space cannot be applied. Nevertheless, the decay can be well fitted
by an exponential, as Eq. 1. The experiments performed in the large retail areas
have much shorter decay times as compared to small closed spaces [see 49, and
references therein]. As a result, in open spaces, direct exposure to the source
of contaminants is more important in risk calculations than aerosols which are
in the well-mixed surrounding environment. A contrasting case of an experi-
ment with poor fits for aerosol concentration to an exponential is experiment
6, shown in fig 4(c). This section of the store was a high-traffic area and cus-
tomers with shopping carts passed by during the measurement. A well-defined
exponentially decaying region could not be found for this experiment and no
estimate for τ could be obtained. However, we were still able to estimate the
90% aerosol residence time t90% from the relative cumulative aerosol concentra-
tions. The aerosol decay time and aerosol residence time are strongly correlated.
Fig. 5 shows the relationship between τ and the 90% aerosol residence time for
the 7.2 µm sized aerosols for experiments performed in the main retail area that
have good exponential fits. The linear least-squares fits for aerosol sizes between
1 µm to 9 µm have reasonable coefficients of determination (r2 = 0.553 − 0.794)
which potentially allows us to calculate an effective τ for cases where we have
complicated flow conditions and no clear exponential decay.

The decay times for the different measurement locations as a function of
aerosol size are shown in Figure 6(a). Aerosols remain longer air-bound in the
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Figure 5: Exponential decay constant τ as a function of the 90% aerosol residence time for
the 7.2 µm sized aerosols. The data represents 45 out of the 127 available data-sets from both
stores excluding the restroom experiments that have longer τ .

smaller restroom areas than in the main retail areas. It was found that the
restrooms can be considered well-mixed environments where aerosol dynamics
are dominated by settling and deposition. In the main retail areas with open
spaces and improved ventilation, the measured decay times were not strongly
dependent on aerosol size and were typically 1-2 min with little variation be-
tween sites. The ventilation in Store 2 had unfiltered air intakes from outside
which created a higher background concentration of aerosols smaller than 0.5 µm
in diameter and resulted in longer decay times for smaller aerosols. Fig. (b)
shows the PDF of measured decay times for experiments conducted in the main
retail area, with most sites having a decay time of approximately 1 min. The
constancy of the decay times in the main retail areas shows that, unlike in the
restrooms, the aerosol dynamics in the open areas are not dominated by mix-
ing and deposition, but by local transport through weak air currents. In our
flow visualization experiments with the laser sheet, we observed that the aerosol
cloud experienced strong advection-diffusion.

The aerosol decay times are grouped by experiment location type and are
shown in the box and whisker plots of Fig. 6(c). Fig. 6(d) shows a schematic
of location types in the main retail area that have boundaries in the form of
walls or shelving. Channel describes aisles that have two parallel boundaries,
mostly shelves, on both sides. Edge has one boundary and the other directions
are free, and corner describes situations where there is one parallel boundary
and another boundary perpendicular to it. Open areas have no boundaries near
the measurement location, such as checkout areas or garden center locations.
Enclosed spaces such as restrooms showed the longest aerosol decay time of
all locations studied, while the main retail spaces all showed similar and much
shorter decay, with no significant difference between location types.
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Figure 6: (a) Aerosol decay times τ as a function of aerosol size at different locations. In S2
the ventilation intake air from outside was not filtered, leading to larger decay times for small
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Experimental values

Experiment Location τ range (min) τ mean (min) t90% (min) Description

1 S1 L1 13.86-86.57 34.37 ± 4.94 32.68 ± 0.65 Restroom

2 S1 L2 0.82-1.99 1.13 ± 0.05 3.35 ± 0.1 High traffic area

3 S1 L2 1.28-2.12 1.47 ± 0.03 4.13 ± 0.16 "

4 S1 L2 3.32-15.04 5.82 ± 0.31 10.58 ± 0.1 "

5 S1 L2 NA NA 2.01 ± 0.03 High traffic area, brief event

6 S1 L2 NA NA 3.07 ± 0.01 Out of high traffic area

7 S1 L3 0.40-4.86 1.49 ± 0.12 2.29 ± 0.09 Under inlet

8 S1 L3 0.53-3.88 1.26 ± 0.11 2.6 ± 0.11 Under inlet

9 S1 L4 3.26-5.26 3.78 ± 0.14 6.6 ± 0.15 Between two inlets

10 S1 L4 1.81-4.24 2.49 ± 0.07 5.37 ± 0.05 Between two inlets

11 S1 L5 NA NA 2.37 ± 0.06 Strong air currents

12 S1 L6 NA NA 7.05 ± 0.16 Under outlet

13 S1 L6 1.79-2.75 2.10 ± 0.06 5.3 ± 0.08 Under outlet

14 S1 L7 0.45-1.02 0.55 ± 0.04 2.16 ± 0.05 Cash register

15 S1 L7 NA NA 2.08 ± 0.02 "

16 S1 L7 0.59-0.80 0.66 ± 0.02 2.09 ± 0.04 "

17 S1 L8 0.98-1.77 1.21 ± 0.04 1.84 ± 0.07 Garden center

18 S1 L9 0.71-2.37 1.37 ± 0.10 4.5 ± 0.07 Aisle to aisle

19 S1 L9 1.49-1.77 1.55 ± 0.02 6.14 ± 0.05 Aisle to aisle

20 S2 L1 7.01-22.10 9.34 ± 0.93 14.59 ± 0.09 Restroom

21 S2 L1 7.73-36.28 10.74 ± 1.79 11.68 ± 0.09 Restroom

22 S2 L2 1.19-8.33 2.40 ± 0.22 4.62 ± 0.07 High traffic area

23 S2 L2 0.71-6.25 1.37 ± 0.13 3.61 ± 0.09 "

24 S2 L2 1.26-3.06 1.48 ± 0.07 3.69 ± 0.06 "

25 S2 L2 1.77-8.90 2.46 ± 0.26 5.7 ± 0.19 Aisle to aisle

26 S2 L2 1.96-5.61 2.67 ± 0.22 5.97 ± 0.07 Across main aisle

27 S2 L3 0.55-3.59 0.83 ± 0.07 1.65 ± 0.07 Downstream of inlet

28 S2 L3 0.59-2.80 1.12 ± 0.11 2.4 ± 0.07 Downstream of inlet

29 S2 L3 0.48-1.07 0.58 ± 0.04 5.39 ± 0.03 Downstream of inlet

30 S2 L4 NA NA 1.72 ± 0.06 Cash register, brief event

31 S2 L4 0.87-5.01 1.96 ± 0.19 3.1 ± 0.04 Cash register

32 S2 L5 NA NA 0.5 ± 0.13 Garden center, brief event

33 S2 L5 0.45-1.80 0.59 ± 0.09 1.52 ± 0.06 Garden center

34 S2 L5 0.99-4.41 1.48 ± 0.14 5.11 ± 0.03 Garden center

Table 1: Aerosol decay times and 90% aerosol residence times for experiments performed in
the two stores. Here S refers to the store and L to the locations identified in Fig. 1.

14



(a)

(b)

0 500 1000

10-2

10-1

100
Pos. 1
Pos. 2
Pos. 3
Pos. 4

31
30

19

21
21
22
23
24
25
26
27
28
29

C

4

3

2

1

D
us
tr
el
ea
se

1.5 m

1.5 m

1.5 m

Sh
el
f

Figure 7: (a) Normalized aerosol concentration for aerosols of size 0.90-1.12 µm at different
positions in the aisle for experiment 4. (b) Thermal camera image of an aisle with two people
standing in the aisle. The temperatures in the store are relatively constant with no significant
contributions to aerosol transport from thermal convection.
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High traffic locations

The results of experiment 4 are shown in Fig. 7, this location is a high
traffic area with higher than average dwelling time for customers (screw sec-
tion). Fig. 7(a) shows the aerosol concentration normalized by the maximum
value observed in the particular experiment for aerosol sizes of 0.90-1.12 µm.
The measurement devices were evenly spaced in the aisle and the aerosol dust
was generated near position 1. The existence of an air current in the direction
from device 1 to device 4 caused the aerosol cloud to be advected to the other
measurement devices in a short amount of time. The majority of experiments
performed in the open store areas were of this nature, where the aerosol dynam-
ics was dominated by advection and diffusion due to turbulent mixing. After
the release of the aerosols, the sharp rise seen in the concentrations corresponds
to the arrival of the aerosols at the spectrometer locations as seen in Fig. 7(a).
The decay is similar for all 4 spectrometers reflecting that the cloud is uni-
formly mixed in space and exponentially decays in time. Additionally, there
is no significant contribution to aerosol transport from thermal convection as
demonstrated by a thermal image of the experiment aisle shown in Fig. 7(b).
The temperature profile of the store is relatively constant with no gradients
between the floor, ceiling, and walls that would cause convective motion of air
and aerosols.

We have also examined high traffic, long customer dwelling time areas for
cases with and without people present in the aisle. The experiments with these
conditions were performed in Location 2 of Store 2 as shown in Fig. 1(b).
Fig. 8(a) shows the case without people present in the aisle where the mea-
sured aerosol concentrations have been normalized by the observed maximum
for aerosol sizes of 0.90-1.12 µm. For the case without people present, we found
similar results to those of Location 2 in Store 1. Fig. 8(b) shows the same
location but with 5-6 people present in the aisle when the aerosol dust was
generated. The presence of people changes aerosol transport in a significant
way, where depending on the location of individuals, a person may obstruct the
aerosol transport path in the aisle. The movement of people can also create
wakes and cause re-suspension and vortical transport. This demonstrates the
locality of aerosol dynamics and how the aerosol does not become well-mixed
in large environments. We can see this effect in the measurement made at Pos.
4 of Fig. 8(b) where the aerosol reaches Pos. 4 at a much later time and the
concentration only slightly goes above the background. Furthermore, human
presence can cause the incoming aerosol to be carried upward via convective
flow. The displaced volume of air by the convective boundary layer of a human
is πr2v = 0.025 m3 s−1, which is calculated by multiplying the area of a human
with radius r = 0.2 m with the typical human convective boundary layer flow
velocity of v = 0.2 m s−1 [41].

Cross-aisle aerosol transport

Aerosol transport from aisle to aisle is also of interest. To study the paths
and routes that aerosols take to move from one aisle to the next, we conducted
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experiments at Location 9 of Store 1. From Fig. 9(a) we see that the aerosol is
only slightly transported to the neighboring aisle but mostly remains local to
the area in which it was released. Here we have two spectrometers in the aisle
where the aerosol dust was generated, and two spectrometers in the adjacent
aisle showing aerosol transport to the next aisle. Fig. 9(b) shows the results for
where we had one sepectrometer in the aisle where the aerosol is generated and
3 spectrometers in the neighboring aisle stacked on top of each other. Fig. 9(b)
shows that most aerosols are detected at approximately the same height as
where the dust was generated. Thus, the aerosol did not travel over or around
the shelving but rather through perforations in the shelf itself. Similar to the
case where people were present in the aisle, the shelving acts as a barrier to
aerosol transport. The aerosol remains local to the location of release and does
not become strongly well-mixed and spread to neighboring areas.

3.2. Infection risk for SARS-CoV-2

In summary, the decay time τ is short in large indoor environments and
is much longer for poorly ventilated confined spaces. The aerosol decay time
is inversely related to the volume in which the aerosol is released and the air
change per hour (ACH) of the indoor space. As the room size and ACH increase,
the decay rate of aerosols decreases which is also observed by Mage and Ott [31]
where they report τ ≈ 2.6min in the large indoor space of a tavern (V ≈ 550 m3).
The short decay times measured in large indoor spaces suggest that existing well-
mixed aerosols in the environment do not play a critical role in infection risk
calculations and that the strongest probability of infection is caused by direct
contact with an infectious individual and their respiratory droplet emissions.

The COVID-19 infection risk as a function of time is shown in Fig. 10 for
distancing and mask scenarios. For each activity of the infectious individual, the
highest risk of infection occurs for the distancing scenario. Being in the exhala-
tion cloud of an unmasked speaking infectious individual for only a few minutes
even at a distance of 1.5 m is enough to pose a >90% risk of infection to the sus-
ceptible individual. In all other cases, the absorbed viral dose is small enough
such that the risk of infection follows a linear trend in time. Interestingly, risk
of infection for speaking mask-SS is very similar to breathing-distancing-1.5m,
both with a slope of 0.23% per minute reaching ∼14% after 60 min. Breathing
mask-SS is associated with 3.6% of infection risk after 60 min, i.e. a slope of
0.06% per minute. When FFP2 masks are used, mean infection risk is <0.2%
after 60 min of exposure regardless of the infectious individual activity.

If we consider 1% risk of infection as the upper threshold for a scenario to
be considered low risk, various mitigation strategies can be implemented for
typical social interactions that include normal speaking and breathing within
large indoor spaces. The safest strategy between the investigated scenarios is to
use reliable FFP2 masks for both infectious and susceptible individuals. This
is associated with a risk of infection that is well below the low-risk threshold,
even for prolonged interactions. If only (typical) surgical masks are worn by
individuals, the duration of exposure should be shortened as much as possible.
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and a y-axis in logarithmic scale.
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According to our conservative estimates, the duration at which the risk of in-
fection reaches 1%, in this case, is approximately 4 min. Nonetheless, the safe
exposure duration for mask scenarios can be increased by a factor of 10 or even
more, as we greatly overestimate the risk of infection for mask scenarios. This
is justified considering that when a face mask is worn, most of the leakage goes
up and away from the subjects through the nosepiece. In addition, exhaled air
passes through a large area of the mask fabric with a significant reduction in
flow velocity, which leads to large dilution even at short distances. If masking
is not possible, speaking is an extremely high risk activity even at a distance of
1.5 m, while nonvocal activities such as passive breathing are safe only up to a
duration of 4 min.

These results indicate that masking is by far more efficient in reducing in-
fection risk of transmission compared to social distancing in large indoor en-
vironments as shown also by [49]. For example, being in the exhalation cloud
of a speaking infectious person for 4 minutes at a distance of 1.5 m is asso-
ciated with an infection risk 90 times more than when both individuals have
surgical masks and are directly next to each other. For breathing activities,
the differences between mask-SS and distancing scenarios is four-fold, which is
comparatively not as prominent but still significant. While with FFP2 masks
the risk decreases by a factor of 100 compared to similar distancing scenarios.
Overall it can be concluded that in order to reduce risk of infection between
individuals in large indoor environments, masking is the only safe option. This
conclusion also applies to outdoor spaces, which is the limiting case of large
indoor environments [49].

4. Conclusions

We measured aerosol transport and aerosol dynamics in two German cash-
and-carry hardware/ DIY stores to better understand the factors that are im-
portant for disease transmission via human respiratory aerosols in large indoor
spaces. The aerosol used in our experiments had a similar size distribution
to human respiratory aerosols, ranging from 0.3 µm to 10 µm. We took mea-
surements in various locations that pose a high risk of infection from airborne
diseases, such as high-traffic areas and restrooms. To determine the appropriate
method for calculating the infection risk of infectious aerosols distributed in an
environment, we measured the decay and residence time of the aerosol cloud for
our experiments.

Small enclosed spaces with poor ventilation, such as restrooms, had long
aerosol decay times, i.e. the aerosols remained airborne for a long time. Such
environments can be considered well-mixed, with the history, i.e. the temporal
accumulation of infectious aerosols in the room, governing the risk of infection.
In the much larger retail areas of the two stores, the decay and residence times
were much shorter. The decay times calculated in the large retail areas were
found to be independent of the aerosol size and the location in the store, such
as shelved areas, at the cash registers, or in open garden areas. This indepen-
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dence shows that aerosol dynamics are dominated by rapid turbulent mixing
and advection.

We conclude that the large, well-ventilated areas with rapid aerosol decay
times are not fully mixed and the leading factor determining the upper bound
for the risk of disease transmission is direct exposure to aerosol emissions from
an infectious. This assumption applies in the case where the background envi-
ronment is ”free” of infectious aerosols, which means that the occupancy must
not be too large. To get an upper bound on this, we know that a person typ-
ically exhales 0.5 m3 of air per hour. If the person is infectious, then for the
contribution to be insignificant in terms of aerosol accumulation in space, we
estimate that it must be <1% of a volume that is capped to the height of a
person, i.e. 2 m. This then leads to a required 25 m2/person.

Finally we report the upper bound of disease transmission of COVID-19
for scenarios of social distancing and wearing half-face masks. For exhaled
(wet) aerosol sizes of up to 50 µm from speaking, we find that a distance of
1.5 m between unmasked individuals is unsafe with a 90% risk of infection after
4 minutes of exposure. However, even at the smallest distance between two
individuals wearing surgical masks, the maximum infection risk is ∼ 5% after
20 minutes of exposure which decreases further by two orders of magnitude
when masks are switched to FFP2 type masks.

The calculated upper bounds for infection risks are intentionally chosen to
represent the most conservative estimate. In realistic situations, we expect the
infection risks reported here to be significantly lower for typical encounters, i.e.,
to be lower by at least a factor of 10 to 100. The results presented here can
also be applied to outdoor scenarios with calm weather, which are similar in
all respects to a large, well-ventilated indoor environment. Finally, we note
that the infection risks calculated in this study only consider direct exposure
via inhalation of exhaled infectious aerosols and we do not consider the risk of
indirect exposure and contact with fomites.
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