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ABSTRACT

We conducted 35 experiments for spatial measurement of marijuana
aerosols in a current smoker’s residential spaces. Fine particulate matter
(PM,s) concentrations were measured every second at 1, 2, and 3 m
horizontal distances from the smoker who performed prescribed 5-min
smoking and vaping activities. In each experiment, five SidePak monitors
measured PM, s concentrations at five different angles facing the front of the
smoker, representing the worst-case exposures. We studied the effect of
distance from the smoker for two marijuana sources - smoking a marijuana
cigarette, or joint, and vaping a liquid-cartridge vaping pen. Experiments
were conducted in the family room indoors and in the backyard outdoors
where the smoker normally consumes marijuana. Indoor marijuana vaping
had higher average exposures (5-min PM,5) at 1 m distance than indoor
marijuana smoking, but the levels from indoor vaping decreased more
rapidly with distance (e.g., 77% reduction for vaping versus 33% for smoking

from 1 to 2 m). Smoking and vaping in the outdoor environment reduce the
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average exposures down to <5% of the indoor levels at each distance.
Cumulative frequency distributions of the 1-s PM, s concentrations revealed
the frequencies of exceeding any selected transient peak exposure limit at a
given distance. The frequency of exceedance decreased more quickly with
distance for vaping than for smoking. Smoking and vaping outdoors made
the transient peak exposures close to the source much less frequent than
smoking and vaping indoors (e.g., <1% exceeded 1000 ug/m? outdoors
versus >20% indoors at 1 m). Plotting the frequency of exceedance versus
distance could offer additional guidance for a recommended minimum

distance from a marijuana source.

INTRODUCTION

The District of Columbia and 15 States - Alaska, Arizona, California,
Colorado, lllinois, Maine, Massachusetts, Michigan, Montana, Nevada, New
Jersey, Oregon, South Dakota, Vermont, and Washington have legalized
recreational marijuana use. As a result, involuntary exposure to secondhand
marijuana smoke has become much more common in everyday settings
across the country. Studies have shown that secondhand exposure close to
tobacco smoking or vaping is substantially higher than farther away (e.qg.,
Acevedo-Bolton et al, 2014; Ott et al, 2014; Nguyen et al, 2019) - this
“proximity effect” will also be an issue near marijuana smoking or vaping.

The initial research investigating the proximity effect and spatial variation

of exposure near a source used a tracer gas to mimic the transport of
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emitted air pollutants. For example, McBride et al (1999) released carbon
monoxide (CO) as a tracer in a residential living room while using 12 real-
time CO monitors to measure concentrations at different indoor positions.
Acevedo-Bolton et al (2012) deployed a larger monitoring array (30-37 CO
monitors) in the same residential living room to characterize exposure as a
function of the distance from a continuous CO source. Klepeis et al (2009)
measured real-time CO concentrations at up to 36 points in a residential
backyard to consider the proximity effect outdoors near a building. These
tracer gas studies provided insight into how different environmental
conditions (e.qg., indoor ventilation or outdoor wind) influence the proximity
effect; however, they did not account for the characteristics of real smoking
or vaping emissions, such as the exhalation of mainstream smoke and the

buoyancy of sidestream smoke that can also affect proximity exposure

greatly.
Studies involving real human smoking or vaping were conducted mostly in
prescribed settings. Acevedo-Bolton et al (2014) performed controlled

experiments inside 2 homes (including a 158 m?3 living room) and 16 outdoor
locations, using a small group of investigators wearing personal exposure
monitors to measure PM,s exposure close to prescribed tobacco cigarette
smoking. Ott et al (2014) used a similar small-group monitoring approach to
measure PM, s exposure near prescribed tobacco cigarette smoking at 6
outdoor bus stops on California roadways. Zhao et al (2017) measured

indoor PM, 5 concentrations at 4 different distances from volunteers
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performing e-cigarette vaping, using a standardized puff frequency (every 30
s) indoors in an 80 m3 patient room in a clinical research center. Using a
heated mannequin, Martuzevicius et al (2019) measured indoor particle
exposures at 3 different distances from e-cigarette vaping, adopting the
same 30 s puff frequency. Nguyen et al (2019) investigated particle
concentrations at personal-space, social-space, public-space distances from
non-prescribed vaping activities in California vaping shops. These studies
provided valuable data for the levels of exposure close to tobacco smoking
or vaping in real-world indoor and outdoor settings.

Marijuana is most often smoked in homes (Berg et al, 2015; Berg et al,
2018). Using a commercial real-time sensor (Dylos™ DC1700 monitor), a
recent research study (Klepeis et al, 2017; Posis et al, 2019) monitored
particle number concentrations in ~300 California residences. This study
provided the first set of data on particle levels inside real homes with
marijuana smoking. However, this large-scale study did not allow spatial
measurement of exposure inside a home or accurate mass concentration
measurements based on gravimetric calibration. Little is known about the
PM,s exposure close to a marijuana smoker. There also is virtually no
knowledge of how different source types (smoking vs. vaping) and
environments (indoor vs. outdoor) affect the proximity effect.

Our first goal was to examine, for the first time, PM, s exposure close to a
marijuana smoker and how the exposure can be reduced by increasing the

distance from the source; we measured real-time PM.,s concentrations at 1,
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2, and 3 m distances from marijuana emissions in a smoker’'s home and
assessed both the level and frequency of exposure versus distance. Our
second goal was to investigate whether choosing a different source type, a
different location, or a different environmental setting can reduce the
proximity exposure; we tested two common marijuana source types (the
joint and the vaping pen) along with their corresponding exhalation patterns
in an indoor and an outdoor location under different ventilation and air
mixing conditions. Given the collected exposure data, an additional goal of
our research was to explore data analysis methods that can potentially be
useful for evaluating the recommended physical distance from marijuana

sources to minimize involuntary exposure.

METHODOLOGY

Participant. A habitual user of marijuana (a 40-50 year old male) was
recruited in this study. The cannabis materials were provided by the
participant and consumed in his regular smoking spaces. The study protocol
was accepted by the participant and approved by the Institutional Review
Board at Stanford University.

Experimental Setup. We performed field research inside a residential
property in San Jose, CA (Figure 1). This single-family home has two stories
and a private backyard, and the marijuana smoker is the only occupant in
this property. Five AM510 SidePak™ monitors (TSI, Shoreview, MN, USA)

were deployed near the indoor chair in the 4.3x3.7%x2.4 m (38 m3) family
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room or the outdoor chair in the backyard where the participant normally
smokes or vapes marijuana (see the chairs marked with stars in Figure 1).
Both chairs backed up to a wall, and the outdoor chair had a small table 0.7
m high to its immediate left. The 5 SidePak monitors were placed radially
with 15° angle spacing at an equal distance from the source in each session
(1 m, 2m, or 3m), measuring PM,s concentration every 1 s; they were facing
the front of the smoker to account for the worst-case exposure. Three
monitors were placed at 1 m height (black circles), whereas two monitors
were at 1.5 m height (white circles) to consider typical adult breathing
heights while sitting and standing, respectively (Figure 1). The actual
measured breathing heights of the smoker sitting on the indoor and outdoor
chairs were 1.2 m and 1.1 m, respectively.

Using these monitoring settings, we performed 35 experiments (20 indoors
and 15 outdoors). For the indoor experiments, 17 were performed with all
windows and interior or exterior doors closed in the house - “base case”
while 3 involved opening the family-room door (18” open) and two dining
room windows (each 15” open) while running the fan of the centralized HVAC
system (with one ceiling register in each room) - “alternative case”. For
outdoor experiments, 12 were carried out with a fully-opened outdoor
umbrella above the smoker (2 m height and 1.9 m in diameter) - “base case”
- while 3 were carried out with this umbrella fully closed (<0.1 m in
diameter) - “alternative case”. We hypothesize opening or closing the

umbrella would noticeably affect the air mixing and proximity effect close to
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the source. For the base-case experiments, all 5 monitors were underneath
the umbrella when placed at 1 m distance from the smoker.

Air Velocity and Ventilation. We used the VelociCalc 8386
anemometer (TSI, Shoreview, MN, USA) to measure and log the indoor and
outdoor air velocities near the smoking or vaping locations every 2 s during
each experiment. This instrument has a 6-mm diameter sensor probe with a
25 mm long anemometer at its tip, and its minimum detectable air speed is
0.01 m/s. It was not possible to release carbon monoxide or sulfur
hexafluoride tracer gas in the participant’s house. As a way to estimate the
magnitude of ventilation, we burned matches inside the house while using
the Optical Particle Sizer 3330 (TSI, Shoreview, MN, USA) to measure the
particle number concentrations every 1 min. The air change rate (ACH) was
estimated by the log linear regression between concentration of the smallest
particle size range (0.3-0.374 um) and time after the well-mixed condition
was reasonably achieved. Given the timescale of the experiments (1-2 h),
diffusional and gravitational losses of particles within this size range were
expected to be negligible compared with air exchange; this method has been
used to estimate ACH in a residence where tracer gas releases were not
feasible (e.g., Cheng et al 2020). These air change rate tests were performed
outside the regular smoking or vaping experiments, because they involved
particle emissions.

Sources and Protocol. We investigated two types of marijuana sources

regularly used by the participant: (i) a cigarette-like marijuana joint (Caliva
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“Toasties”) with 0% CBD and 9.6% THC, and (ii) an electronic vaping pen
(AbsoluteXtracts, ABX) with the “Care by Design” 2:1 cartridge (CBD 46.1%
and THC 21.9%). A standardized smoking or vaping protocol that consisted
of 5 puffs over a 5-minute period was used. After inhaling, the participant
exhaled at the starting point of every minute (black areas in Figure S1); we
defined the 5 min period as the source period. This protocol was intended to
enable comparisons between experiments with different source types or
source distances based on the same exhalation or emission frequency (once
every minute). Zhao et al (2017) and Martuzevicius et al (2019) have
adopted this approach but with a different frequency (once every 30 s) for e-
cigarette vaping. In our study, the participant chose the 1-min time interval
for the 5-puff sequence to not exceed his normal habit of smoking and
vaping. We did not choose a specific volume and duration for each puff,
since we wanted to preserve the behavioral differences embedded in each
puff for different source types (smoking versus vaping) and to investigate
how they may affect the spatial variation of exposure close to a source.

The participant did not permit sensors to be used in contact with his body;
therefore, puff topography or spirometry measurement involving sensor
mouthpiece breathing was not conducted in this study. As a surrogate
approach, we placed the VelociCalc anemometer in front of the smoker
during the 5-min source period (Figure S1) at 0.1 m horizontal distance from
the mouth position to record the “exhalation peak velocity” - the maximum

air velocity produced by each exhalation (see Figure S2). This approach
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enabled us to investigate human exhalation via air environment
measurement. We discovered the temporal fluctuations of air velocities
outdoors were comparable to the magnitudes of exhalation peak velocities.
Therefore, we were not able to measure the exhalation peak velocities in the
outdoor experiments. The durations of the exhalation were measured by the
participant using a stopwatch. A test examining how consistently exhalation
peak velocities can be produced and measured by the environmental
sensing method is available in the Supplementary Material (Figure S3).

PM.s Calibration. To ensure consistent measurements between
monitors, we conducted a separate quality assurance study in which we
placed 17 SidePak monitors (including the 5 monitors used in this study)
inside a car chamber (2006 Honda Element) with a smoke source,
simultaneously measuring PM. s concentrations every 1 min. After the
emission stopped and well-mixed condition was reasonably achieved
(gamma period, Ott, 2007), the exponentially decaying measurements of the
SidePak monitors were compared by linear regression with our reference
SidePak monitor, giving R? > 0.999 for the 5 SidePak monitors used (forcing
zero intercept). The slope of each linear regression (0.87-1.03) was used to
rescale each measuring device to agree with the reference monitor.

The SidePak monitors measure PM,s concentration based on light
scattering properties, which are affected by the particle size and
composition. To accurately represent the actual PM,s concentration, the

calibration factor (CF) - the ratio of gravimetrically-to-optically-measured
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PM. s concentration is needed for each source type (e.g., Jiang et al, 2011;
Dacunto et al, 2013). In a previously published paper, we determined the
CFs for the two marijuana source types: 0.35 for joint smoking and 0.44 for
vaping (Zhao et al, 2020) for the reference SidePak monitor; they were
applied along with the inter-monitor slopes to rescale all PM,s measurement
in this study (e.g., actual concentration for vaping = direct reading of
SidePak; x (0.44/[slope of SidePak];, ) where i = 1-5). Jiang et al (2011) found
that CFs for SidePak monitors remained relatively constant over time; for a
16-month period, the average difference was ~3%. The particle zero filter
was attached to the inlet of each SidePak monitor immediately before each
experiment for zero calibration.

Decay and Mixing Characterization. The PM,s measurements at the 3
different distances (1 m, 2 m, and 3 m) were collected from separate
experiments, not simultaneously. It is important to ensure comparisons were
made based on comparable environmental settings. In each experiment,
therefore, we included a 5-min sampling period prior to the source period to
account for the variation in PM,s background concentration. For each indoor
experiment, we added a 60-min sampling period following the source period
for determining the PM. s decay inside the building. The decay rates were
determined by the log linear regressions between 1-min PM,s concentrations
averaged over the 5 monitors (background subtracted) versus time during
the well-mixed decay periods. For the same source type (with the same

aerosol volatility), the PM,s decay rate (the sum of the air change rate,
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232 surface deposition rate, and evaporation loss rate) could reflect the relative
233 strength of air mixing indoors. A higher air change rate will lead to stronger
234 indoor air mixing (Drivas et al, 1996; Cheng et al, 2011), enhancing the

235 particle surface deposition (e.g., Thatcher et al, 2002; He et al, 2005; Xiao et
236 al, 2020). This suggests both the cause and consequence of stronger air
237 mixing could contribute to a higher decay rate. Therefore, given a

238 comparable evaporation loss rate (the same source type), a larger decay
239 rate could indicate stronger air mixing indoors, which could cause more

240 uniform concentration and a smaller proximity effect. Air mixing is one

241 governing factor that affects the spatial distribution of concentration and
242 exposure close to a source (e.g., Drescher et al, 1995; Cheng et al, 2011;
243 Cheng et al, 2020). By examining the decay rates for experiments with the
244 same source type, we can ensure comparisons are based on comparable air
245 exchange and air mixing conditions.

246

247 RESULTS AND DISCUSSION

248 To determine the source and environmental characteristics in each indoor
249 experiment, we calculated the average exhalation peak velocity and duration
250 (averaged over 5 puffs) and the decay rate (from log-linear regression).

251 Table 1 summarizes the statistics of average exhalation peak velocities,

252 average exhalation durations, and decay rates for indoor smoking versus
253 indoor vaping from 16-17 experiments with all the windows and doors closed

254 without fan operating (ACH = 0.31-0.34 h''). These base-case experiments
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had background air velocities below the anemometer’s detection limit (<0.01
m/s) - this enabled more accurate determination of exhalation velocities for
the two different sources. The mean of average exhalation peak velocities
for indoor smoking (0.99 m/s) was ~2 times as high as that for indoor vaping
(0.53 m/s). The mean of average exhalation durations for indoor smoking
(2.3 s) was ~70% of that for indoor vaping (3.4 s). The mean decay rate for
indoor vaping was higher than the mean decay rate for indoor smoking (0.75
versus 0.46 h). Particle losses due to air exchange and particle settling are
expected to be comparable for indoor smoking and vaping experiments; the
sizable difference was likely due to the higher aerosol volatility for vaping.
This finding was consistent with previous studies testing the decay rates of 4
different marijuana sources (joint, glass pipe, water pipe, and vaping pen)
inside a car chamber (Zhao et al, 2020) and in a residential bedroom (Ott et
al, 2020). Li et al (2020) found PM,s particle loss rates for vaping aerosols
(from e-cigarettes in this case) were >4 times as high as that for - Di-Ethyl-
Hexyl-Sebacat (DEHS) aerosols with little evaporation. In addition to
exhalation pattern, aerosol evaporation could have a significant effect on
exposure versus distance from the source.

The average air velocities for outdoor experiments ranged from 0.21 to
0.33 m/s. The highest average velocity (0.33 m/s) was recorded when the
overhead outdoor umbrella was folded (alternative case). This could be due
in part to less blockage of the air movement. Klepeis et al (2009) and

Acevedo-Bolton et al (2014) measured ground-level air velocities in the
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backyard of a California home. Their reported average air velocities (0.26-
0.34 m/s) were comparable to our measured values. These backyard
measurements are expected to be affected by eddy currents near buildings.

Figures 2(a) and 2(b) show examples of the 1-s concentration time series
of PM.s measured indoors (top) and outdoors (bottom) at 1 m, 2 m, and 3 m
horizontal distances from the participant performing marijuana vaping in the
residential property (Figure 1). Unlike the standard indoor experiments that
were performed separately with 1-h decay periods (see the Decay and
Mixing Characterization section), continuous indoor measurements were
taken across multiple source periods (grey areas) with only 5 minutes apart.
This was to align with the emission sequence of the outdoor time series to
allow comparisons between Figures 2(a) and 2(b). Here, all concentrations
greater than the monitor’s upper limit were replaced with 20 mg/m? (CF = 1),
giving maximum concentrations ~10 mg/m? (CF = 0.44).

For both the indoor and outdoor experiments, the magnitudes and
occurrences of transient concentration spikes - “microplumes” (e.q.,
Acevedo-Bolton et al, 2012; Cheng et al, 2014) - increased with decreasing
distances, showing the proximity effect during active emissions (light grey
regions in Figure 2). Striking differences were observed between indoor and
outdoor situations. Microplumes were much more likely indoors than
outdoors. In the indoor environment (without mechanical ventilation),
aerosols could follow the exhaled airflow, moving toward the monitors that

were in front of the vaper. In contrast, aerosol movement outdoors was
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322

primarily governed by the wind patterns. The rapidly changing directionality
of outdoor airflows near the building made microplumes less likely to
emerge. The durations of microplumes were longer indoors than outdoors.
The slower air movement indoors could make emitted plumes linger at a
monitoring location. This effect can also be seen from the persistent PM, s
concentration time series after each source emission period ended indoors.
As expected, the more frequent occurrences and longer durations of
microplumes indoors greatly increased the average concentration and
exposure at close proximity to the active emission source.

Figure 3 summarizes the time-averaged PM. s concentrations over the 5-
min source periods at 1, 2, and 3 m distances from the source in all the 35
indoor and outdoor experiments with marijuana smoking and vaping.
Figures 3(a)-3(b) correspond to the condition with all windows and doors
closed and without HVAC fan running (indoor base case) whereas Figure 3(c)
involves opening a door and two windows and with HVAC fan running (indoor
alternative case). Figures 3(d)-3(e) correspond to the condition with the
umbrella open and above the smoker (outdoor base case) whereas Figure
3(f) involves fully closing the overhead umbrella (outdoor alternative case).
Each boxplot contains measurements from the 5 SidePak monitors at
different angles in front of the smoker (Figure 1) with the dashed line
representing the mean value and the solid line representing the median.

Background concentrations ranged from 1.2 to 6.8 ug/m?3; they were
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subtracted from these 5-min PM,s averages. Statistics of each boxplot are
available in the Supplementary Material (Table S1).

The 5-min PM,s concentrations at 1 m were higher and more variable for
indoor vaping than for indoor smoking (mean = 1330 versus 870 ug/m3;
interquartile range = 1260 versus 670 ug/m?3; Figure 3(b) versus 3(a)).
However, the levels of indoor vaping decreased more noticeably with
distance than for indoor smoking (77% versus 33% reduction from 1to2 m
and 63% versus 50% reduction from 2 to 3 m). This finding could be
associated with the difference in exhalation pattern - the exhalation peak
velocity for indoor vaping was only ~50% that of indoor smoking. Therefore,
vaping aerosols are expected to have longer time for decay before reaching
a given distance. Another consideration involves the aerosol evaporation
process - the higher decay rate (>1.6 times higher) of the vaping aerosols
due to their higher volatility could also result in a greater concentration
decrease over distance.

The PM. s exposures for indoor marijuana smoking (870 ug/m3at 1 m and
580 ug/m3at 2 m; Figure 3(a)) were much higher than for indoor tobacco
smoking (320 ug/m3at 1.25 m and 60 ug/m?3at 2 m; Acevedo-Bolton et al,
2014). This could be caused by the higher emission rate for marijuana
smoking (7.8 mg/min versus 2.2 mg/min; Ott et al, 2020) accompanied with
the smaller indoor volume (38 versus 158 m3). Another factor was the
different monitoring setups - our study used 5 monitors to cover 60° angle

facing the smoker, making it more likely to capture the emitted plumes than
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a single monitor. Similarly, PM,s exposures for indoor marijuana vaping
(1330 ug/m3at 1 m and 310 ug/m3at 2 m; Figure 3(b)) were much higher
than indoor e-cigarette vaping (375 ug/m3at 0.8 m and 7 ug/m3at 2 m; Zhao
et al, 2017). This again was likely due to more monitors at each distance (5
versus 1) and the smaller indoor volume (38 versus 80 m3). Both vaping
sources had a significant concentration decrease over distance, but the
marijuana decrease was smaller (77% versus 98%). This could be due in
part to the lower aerosol volatility of marijuana vaping compared to e-
cigarette vaping (Wallace et al, 2021).

Figure 3(c) shows the measurements from the only 3 indoor vaping
experiments (one for each distance) with the HVAC fan operating in the
house (alternative case). In addition to lowering the 5-min PM,s levels (due
to increased aerosol removal), mechanical ventilation greatly reduced the
variation of the 5-min PM,s averages measured at the 5 different angles at
each distance (Figure 3(c) versus 3(b)). In addition, it diminished the
pronounced concentration gradient over distance observed without
mechanical ventilation operating. As expected, stronger air mixing due to
mechanical ventilation made the PM,s concentration more uniform in space.

The outdoor 5-min PM,s levels at each distance were less than 5% of the
indoor levels for either smoking or vaping. Therefore, a different vertical
(concentration) scale was needed for Figures 3(d)-3(f). Again, the varied
airflow direction and more rapid plume movement outdoors made the PM,s

exposures in front of the smoker much lower than indoors. The PM;s
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exposure for outdoor marijuana smoking (mean = 43 ug/m3at 1 m; Figure
3(d)) was higher than for outdoor tobacco smoking: 13 ug/m3 at 1 m (Klepeis
et al, 2007) and 29 ug/m?3 at 0.8-1.5 m (Acevedo-Bolton et al, 2014). In
addition to the higher emission rate for marijuana smoking (Ott et al, 2020),
use of 5 1-m monitors under an outdoor umbrella with the smoker made
plume encounters more likely (see Figure 1). Most of the outdoor
experiments involved the participant smoking or vaping under an outdoor
umbrella (base case) except for the 3 alternative-case experiments in Figure
3(f) (one for each distance with 5 SidePak monitors). In these 3 experiments
without an umbrella above the smoker, the lower exposures were likely
caused by the less-enclosed setting. This, in combination with the highest
recorded average air velocity (0.33 m/s), could cause greater dispersion of
emitted particles near the smoker.

For each box plot in the 4 base-case graphs (Figures 3(a)-3(b) and Figures
3(d)-3(e)), we separated the 5-min averages into two groups based on 1 and
1.5 m breathing heights and calculated the mean for each group. For indoor
vaping, the means of the 5-min averages for all the 3 distances (1 m, 2 m,
and 3 m) were higher at 1 m than at 1.5 m height (Figure S4(b)). This is not
surprising as the source was closer to 1 m height. In contrast, the means for
all the 3 distances were higher at 1.5 m than at 1 m height for indoor
smoking (Figure S4(a)). The difference was greatest at the shortest distance
(1 m); the mean at 1.5 m height was ~1.7 times as high as the mean at 1 m

height. This might be due to the stronger plume buoyancy created by a
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combustion source - the burning joint - thus increasing the means at 1.5 m
height. The means of the 5-min averages outdoors (Figures S4(c)-4(d)) did
not necessarily follow the same pattern observed indoors; for outdoor
smoking (Figure S4(c)), the mean at the 1.5 m height was greater at 1 m
distance, but the outdoor means at 1 m height became greater at the 2 and
3 m distances. In the presence of outdoor wind, the effect of plume
buoyancy could become less noticeable, especially for greater distances
from the source.

Figures 4(a)-4(f) show the cumulative frequency distributions of 1-s PM;s
concentrations collected during 5-min source periods on log-probability
graphs for 18 indoor and outdoor experiments with smoking and vaping.
Again, the left four graphs corresponded to the base-case experiments
indoors (Figures 4(a)-4(b); with all windows and doors closed; without HVAC
fan running) and outdoors (Figures 4(d)-4(e)); outdoor umbrella open above
the smoker). The right two graphs (Figures 4(c) and 4(f)) corresponded to
the alternative-case experiments indoors (opening a door and two windows
and running the HVAC fan) and outdoors (folding the overhead umbrella),
respectively. Each frequency distribution contains aggregated
measurements from the 5 SidePak monitors at different angles (n = 1500).
Each graph compared the cumulative frequency distributions at 1, 2, and 3
m distances from the 3 experiments with similar environmental conditions.
Indoor experiments that had comparable decay rates were grouped together

for each graph: 0.34-0.37 h! for smoking (Figure 4(a)), 0.97-1.06 h* for
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vaping (Figure 4(b)), and 6.9-7.8 h* for vaping with a door and two windows
opened and HVAC fan running (Figure 4(c)) (see Methodology section for
details). Experiments in each outdoor graph (Figures 4(d)-4(f)) were
conducted consecutively with 5 min intervals to minimize the outdoor
weather variation (e.qg., Figure 2(b)). To avoid negative values for the log
scale concentrations, the background concentrations (2-6.8 ug/m? indoors
and 3.3-3.9 ug/m?3 outdoors) were included in these 1-s PM,s concentration
frequency distributions.

Plotting a cumulative frequency distribution on the log-probability graph,
one can visualize the frequency of exceeding any given concentration limit.
Taking figure 4(b) as an example, 10% of the concentrations exceeded 1000
ug/m?3 at 2 m from the source. The frequency increased to ~40% at 1 m and
decreased to 0% at 3 m. For the same frequency of exceedance (10%), the
concentration limit increased to ~4000 ug/m?® at 1 m and decreased to ~150
ug/m?3 at 3 m.

Compared to indoor smoking (Figure 4(a)), the frequency distributions for
indoor vaping (Figure 4(b)) showed much greater separation at the 3
distances. For example, from 1 to 3 m distance, the frequency of exceeding
1000 ug/m3dropped ~40% (from 38 to 0%) for indoor vaping but only ~10%
(from 22 to 14%) for indoor smoking. The more noticeable decrease in the
frequencies for vaping again could be associated with the longer travel time
(due to lower breath exhalation peak velocity) and the higher decay rate

compared to smoking. Turning on the mechanical ventilation system (Figure

19



438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

4(c)) flattened the cumulative frequency distribution at each distance for the
middle range of concentrations (50-500 ug/m?3). It also reduced the
separation of the 3 frequency distributions. In addition to the average
concentrations (5-min PM,s in Figure 3(c)), the stronger mechanical air
mixing made the transient concentrations (1-s PM.s) become more uniformly
distributed in space.

Concentration peaks at each distance become much less likely to occur in
the outdoor settings than indoors. For example, for both smoking (Figure
4(d)) and vaping (Figure 4(e)), less than 1% exceeded 1000 ug/m? at the 1 m
distance outdoors compared to more than 20% indoors. At 2 and 3 m
distances, 0% of the 1-second concentrations exceeded 1000 ug/m? outdoors
while up to nearly 15% exceeded this level indoors. The separation of the
frequency distributions at different distances occurs at a higher cumulative
frequency range outdoors (50-70%; Figures 4(d)-4(e)) than indoors (5-10%;
Figures 4(a)-4(b)). Folding the overhead outdoor umbrella reduced the peak
concentrations at each distance; it also reduced the separation of the 3
cumulative frequency distributions (Figure 4(f) versus 4(e)). Like the indoor
case (Figure 4(c) versus 4(b)), this could be caused by the stronger air
mixing near the source due to a less enclosed environment, making the 1-s
PM.s concentrations more uniform in space. In this case, all the measured 1-
s PM,s concentrations dropped below 1000 ug/m? (0% frequency to exceed

1000 wg/m? for distances = 1 m).
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By obtaining cumulative frequency distributions of short-term
concentrations at multiple distances, one can create a graph that shows how
the frequency of exceedance varies with distance for a selected peak
exposure limit. For example, using the 3 cumulative frequency distributions
for outdoor smoking (Figure 4(d)), Figure (5) plotted frequency of
exceedance versus distance for 3 selected peak exposure limits (50, 100,
and 500 ug/m?3). A higher peak exposure limit (a less stringent limit) gave a
lower frequency of exceedance at each distance. For each peak exposure
limit, the frequency of exceedance decreased with increasing distance from
the source. The decreases were more significant for a lower peak exposure
limit (e.g., 50 ug/m?3), allowing the curves for the 3 limits to converge
gradually. Assuming the case where <1% of exceedance is needed, keeping
1 m distance from the source could not meet any of the 3 peak exposure
limits. Moving from 1 to 2 m distance, we could satisfy the least stringent
peak exposure limit (500 ug/m3). All the 3 peak exposure limits can be met if
we moved further to the 3 m distance. The 24-h PM, s standard offers a
benchmark for assessment of long-term average exposures. The data
analysis demonstrated here (Figures (4) and (5)) provides a possible
standardized method to evaluate transient exposures to marijuana aerosols.

Limitations and Future Work. Optical sensor measurement could drift
over time; it is optimal to calibrate optical monitors with the gravimetric
shortly before the field experiments. Smoking and exhalation patterns vary

across individuals; they could influence the concentration and spatial spread
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of an emitted plume. For example, Fuoco et al (2014) and Zhao et al (2016)
found particle concentration of e-cigarette vaping increased with puff
duration; a higher exhalation velocity could increase the distance impacted
by the emission. Future experiments examining how these behavioral
patterns affect the proximity effect would be valuable. Particle size
distribution influences the deposition of inhaled aerosols. Future research
investigating the effect of distance on particle size distribution indoors and
outdoors would be useful. This study shows how high PM2.5 levels could be
inside a home with a marijuana smoker. PM2.5 has been associated with
cardiorespiratory diseases; marijuana-related PM2.5 also has the potential to
cause mental disorders. It is critical to examine the health effects of
marijuana secondhand exposure for household members at home (e.qg.,
children who live with marijuana smokers).
CONCLUSIONS

In summary, a clear proximity effect was observed for both smoking
and vaping marijuana indoors without mechanical air mixing (HVAC fan
running). A proximity effect was also evident outdoors when the participant
smoked or vaped under a garden umbrella that limited air mixing. PM;s
exposures decreased more rapidly with distance from the source for vaping
than for smoking, mostly likely caused by higher volatility of vaping aerosols.
This finding suggests a smaller surrounding area of impact for vaping than
for smoking. Smoking and vaping outdoors will reduce both average and

transient peak exposures to exhaled aerosols. This is consistent with the
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506 expectation that exposure to respiratory aerosols from a human source is
507 less likely outdoors than indoors in light of the current COVID-19 pandemic.
508 Previous measurements in Klepeis et al (2007) suggest outdoor exposure to
509 tobacco smoke can be reduced noticeably when a person is =2 m away from
510 the smoker. This is consistent with the results for outdoor marijuana smoking
511 and vaping in this case study. With the legalization of recreational marijuana,
512 cannabis smoking and vaping are rapidly emerging in everyday living

513 environments. There is a critical need to address the question regarding the
514 safe distance for marijuana smoking and vaping (e.g., can we apply the 12 ft
515 safe distance for tobacco smoking to marijuana smoking?). This study was
516 the first research systematically examining PM. s exposure close to marijuana
517 smoking and vaping in indoor and outdoor environment. The determination
518 of the “concentration proximity curve” - average exposure versus the

519 distance from the source could inform the safe distance policy or advisory.
520 The characterization of the “frequency proximity curve” - frequency of peak
521 exposure exceedance versus distance proposed here could provide

522 additional insight into the related decision making. Results from a single

523 marijuana smoker in a few indoor and outdoor locations cannot represent all
524 possible exposure situations. Nonetheless, the initial proximity exposure

525 measurements, findings, and data analysis methods presented here would
526 be useful for the design of future field research investigating the proximity
527 effect and safe distance for marijuana smoking and vaping.

528
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Table 1. Comparison of average exhalation peak velocity, average
exhalation duration, and decay rate between marijuana smoking versus
vaping for base-case indoor experiments (all the windows/doors closed

without fan operating).

Average exhalation peak Average exhalation Decay
velocity® duration® Rate
(m/s) (s) (1/h)
Smoking n=28 n=28 n=
Mean 0.99 (0.61) 2.30 (0.35) 0.46
(IQR)© (0.19)
Vaping n =8¢ n = 8¢ n=
Mean 0.53 (0.34) 3.43 (1.00) 0.75
(IQR)* (0.55)

2 Exhalation peak velocity averaged over 5 puffs in each experiment
® Exhalation duration averaged over 5 puffs in each experiment

¢ Interquartile range (difference between 75th and 25th percentiles)
4Did not take the measurement in 1 of the 9 vaping experiments
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686

687 Figure 1. Indoor and outdoor monitoring setups in participant’s house.
688 SidePak monitors (black and white circles) were facing the front of the
689 smoker (star) sitting either on the chair in the family room or the chair in the

690 backyard under the outdoor umbrella.
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Figure 2. Example time series of 1-s PM,s concentrations measured (a)
indoors and (b) outdoors by 5 SidePak monitors (#1, #2, #3, #4, #5) at 1, 2,
and 3 m distances from marijuana vaping. In each time series, monitors were

moved between different distances between successive source periods (grey

areas).
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Figure 3. 5-min PM,s exposures at 1, 2, and 3 m distances from the source
for (a) indoor smoking with all windows and doors closed and HVAC off (base
case), (b) indoor vaping with all windows and doors closed and HVAC off
(base case), (c) indoor vaping with the HVAC fan operating and 1 door and 2
windows opened (alternative case), (d) outdoor smoking with the outdoor
umbrella above the smoker opened (base case), (e) outdoor vaping with the
outdoor umbrella above the smoker opened (base case), and (f) outdoor
vaping with the overhead outdoor umbrella folded (alternative case). The
boxes are the 25th and 75th percentiles; the whiskers are the 10th and 90th
percentiles; the dots are outliers. The dashed lines are the means and the

solid lines are the medians.
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Figure 4. Cumulative frequency distributions of 1-s PM,s concentrations at
1, 2, 3 m distances from the source on log-probability graphs for (a) indoor
smoking with all windows and doors closed and HVAC off (base case), (b)
indoor vaping with all windows and doors closed and HVAC off (base case),
(c) indoor vaping with the HVAC fan operating and 1 door and 2 windows
opened (alternative case), (d) outdoor smoking with the outdoor umbrella
above the smoker opened (base case), (e) outdoor vaping with the outdoor

umbrella above the smoker opened (base case), and (f) outdoor vaping with

the overhead outdoor umbrella folded (alternative case).
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732 Figure 5. Example plot showing frequencies of exceeding 3 transient
733 exposure limits (50, 100, 500 ug/m3) at 1, 2, and 3 m distances from the

734 source for outdoor smoking (based on data from Figure 4(d)).
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