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Abstract 
This study evaluated the interrelations between indoor and outdoor bioaerosols in a 

bedroom under a living condition. Two wideband integrated bioaerosol sensors were utilized 
to measure indoor and outdoor particulate matter (PM) and fluorescent biological airborne 
particles (FBAPs), which were within a size range of 0.5-20 µm. Throughout this one-month 
case study, the median proportion of FBAPs in PM by number was 19% (5%; the interquartile 
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range, hereafter) and 17% (3%) for indoors and outdoors, respectively, and those by mass 
were 78% (12%) and 55% (9%). According to the size-resolved data, FBAPs dominated 
above 2 and 3.5 µm indoors and outdoors, respectively. Comparing indoor upon outdoor 
ratios among occupancy and window conditions, the indoor FBAPs larger than 3.16 µm was 
dominated by indoor sources, while non-FBAPs were mainly from outdoors. The occupant 
dominated the indoor source of both FBAPs and non-FBAPs. Under awake and asleep, count- 
and mass-based mean emission rates were 45.9 and 18.7 × 106 #/h and 5.02 and 2.83 mg/h, 
respectively. Based on indoor activities and local outdoor air quality in Singapore, this study 
recommended opening the window when awake and closing it during sleep to lower indoor 
bioaerosol exposure.  
Keywords: bioaerosols; WIBS; I/O ratio; indoor air quality; sources of aerosols; residential 
building 

PRACTICAL IMPLICATIONS: 

! Developing knowledge about the indoor and outdoor relationship of PM and 
bioaerosols in a bedroom under a living condition in Singapore can help us better 
understand the human exposure levels in this scenario. 

! The findings from this study help in understanding of sources of different 
particles in a bedroom. Human or human-related activities were the major indoor 
source of bioaerosols, while non-biological particles are more from outdoors. This 
study adds quantitative information about human emissions in a bedroom during 
awake and sleep periods, respectively, which can be used in the indoor air quality 
model and design of mitigating strategies. 

! From this study, opening or closing the window is a simple and effective way to 
lower indoor bioaerosol exposure. Whether we should keep the window open or 
closed can base on the station outdoor PM level and indoor activities, which can 
suggest people on window opening behaviors and to design “smart” windows to 
open or close automatically. 

1. INTRODUCTION 
Exposure to airborne particulate matter (PM) can have a significant impact on human 

health1–4. Their health impacts are usually linked with the type and size of particles and 
exposure levels5,6. As a subset of PM, biological aerosol particles, or bioaerosols, constitute a 
significant proportion of PM in both indoor and outdoor environments7–9. Exposures to 
bioaerosols could have a higher health risk than exposures to non-biological particles, in 
terms of, infectious diseases, allergies, and cancer10,11. Singapore is a humid island tropical 
country with one of the highest population densities, and the local meteorological condition 
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and ecological environment generally favour the proliferation of flora and fauna, which could 
have a higher potential of bioaerosol exposure risk12–15.  

People spend more than a third of their life in their bedroom16–18. The air quality of 
bedrooms affects peoples’ sleep quality19, health17,20, and next-day productivity21. In 
Singapore, 81% of residents live in public housing22, locally referred to as the Housing & 
Development Board (HDB) building, which are normally naturally ventilated and are without 
air filtration systems. Therefore, opening the window(s) could be the only, or main method of, 
diluting the indoor generated pollutants by naturally ventilating the space. However, a higher 
ventilation or air exchange rate could allow more outdoor particles infiltrate indoors. Hence, 
to create a healthier bedroom environment, we need to have a better understanding of the 
levels and relationship of indoor and outdoor PM and bioaerosols. 

In the past, the most widely used methods to study bioaerosols were culture-based23. 
However, only culturable microorganisms, a subset of the viable bioaerosols, can be measured 
with this approach. Though non-viable bioaerosols cannot cause infectious diseases, they still 
can cause allergic and toxic reactions24. Since less than 1% of bioaerosols are culturable25, 
techniques beyond culturing are required to understand the entirety of both indoor and 
outdoor bioaerosols. Molecular methods, such as DNA- or RNA-based sequencing 
techniques, can obtain abundant biological information, but require time and relatively high 
resource investments. Because both culture-based and molecular techniques are usually off-
line analyses, a relatively long duration of incubating, staining, and sequencing after 
collection of bioaerosols is often needed. 

In contrast, light-induced fluorescence (LIF) combined with the optical particle sizer can 
detect biological particles – via distinctive fluorescence effects of biological molecules26 – 
and their respective particle sizes almost instantaneously. Although there is a lack of detailed 
biological information of the species, these real-time detection techniques are still attractive 
for long-term campaigns of bioaerosol measurement. Typical instruments include the 
wideband integrated bioaerosol sensor (WIBS) and the ultraviolet aerodynamic particle sizer 
(UV-APS)27. Moreover, in the process of discriminating particles according to their 
fluorescent effect, these instruments record information of both biological and non-biological 
ones simultaneously, which can be used to calculate the proportion of bioaerosol in PM. As 
the PM concentration is a basic air quality index in many standards and is widely monitored 
and frequently reported worldwide by stations, if obtained bioaerosol proportions are 
relatively stable in each condition, these proportions can be used to estimate the bioaerosol 
exposure according to the easily obtained PM level. 

In this study, two units of WIBS were utilized to simultaneously monitor both indoor and 
outdoor bioaerosols in a naturally ventilated bedroom in Singapore. Because local 
meteorological parameters and the day length are relatively stable across seasons, a one 
month was selected as the duration for this experiment. In this case study, with considering 
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the effect of the occupant and the window on indoor and outdoor bioaerosol dynamics, we 
sought to answer three questions: 

a) What are the indoor and outdoor bioaerosol and PM concentrations and their size 
distributions for this typical residential case in Singapore? 

b) What are the proportions of bioaerosol in the PM for different particle sizes?  
c) What is the size-resolved relationship between indoor and outdoor bioaerosols?  

2. METHODS 

2.1. The bedroom and facilities 
For this case study, a naturally ventilated bedroom on the 6th floor of a 12-story HDB 

building was selected as a case study for monitoring bioaerosols. Inside the bedroom, as 
shown in Figure 1, there were a king-size bed, a table, a wardrobe, a wall-mounted fan, and an 
indoor unit of the household air-conditioner (AC). There was no visible mold in the bedroom 
and the ensuite bathroom. 

"  

Figure 1. Photograph of the case-study bedroom and its layout 

The main instruments utilized in this study were two identical units of the latest version 
of WIBS (WIBS-NEO, Droplet Measurement Technologies, USA) for indoor and outdoor 
sampling. The indoor sampling point was set at a breathing zone near the table, where the 
occupant spent most of the time sitting. The outdoor sampling point was located 50 cm from 
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the external wall, which was reached using a one-meter conductive silicon tube via a hole on 
the wall. To collect sufficient data, indoor and outdoor bioaerosol samples were measured for 
one month from March 23rd to April 20th, 2019. During this period, one male researcher 
resided in the bedroom to simulate normal living conditions and bedroom activities, such as; 
sleeping, using a laptop (during most of the time when he was awake), arranging the 
bedsheets (twice a day), changing and folding clothes (twice a day), and vacuum cleaning 
(twice a week).  

Occupancy and indoor activities were self-recorded. The window conditions were 
monitored by a smart window/door sensor (MCCGQ01LM, Xiaomi, China), and the usage of 
the fan and AC were monitored by smart plugs (Mi Smart Plug Wi-Fi, Xiaomi, China). Indoor 
and outdoor air temperatures and relative humidity (RH) were measured via two temperature 
and RH sensors (U12-013, HOBO®, the United States). There were two doors, one connected 
to the living room, and the other to the bathroom. To minimize air exchange between the 
rooms, new door seals (RP48, RAVEN®, Raven Products Pty. Ltd., Australia) were added for 
both doors before the start of the experiment. Unless the occupant entered the bedroom or 
bathroom, the two doors were closed. 

2.2. WIBS and particle classification 
WIBS features a size-resolved single-particle instrument, which detects each particle in 

four channels: i.e. one continuous laser channel, and three fluorescent channels. The laser 
channel functions as an optical particle sizer, which counts the sampled particle and measures 
its size within the range of 0.5-20 µm. For detecting fluorescent signals of each particle, there 
are two ultraviolet (UV) Xenon lamps providing the excitations at 280 and 370 nm, and two 
emission detectors which measure the emissions from 310-400 and 420-650 nm. With the two 
UV lamps and two detectors, three fluorescent detection channels were defined as: FL1, 
excited by 280 nm UV and detected at the range 310-400 nm, whereby the biological 
signature of tryptophan is targeted; FL2 measures the particle excited by 280 nm UV and 
detected at the range 420-650 nm, but its biological target is still unclear; and FL3, emissions 
at 420-650 nm after 370 nm excitation are used to detect the presence of nicotinamide adenine 
dinucleotide phosphate (NADPH)26.  

Although all sampled particles are detected by the laser channel, it should be noted that 
not all of them can be measured by the fluorescent channels. WIBS uses a diaphragm pump to 
provide a constant sample flow rate at 5 cm3/s with a fluctuation less than ± 0.1 cm3/s. The 
Xenon flashlamps have a maximum duty cycle of 125 Hz, which can excite and examine, at 
most, 125 particles/s. When the concentration is higher than 25 particles/cm3 and the sample 
air flow rate is 5 cm3/s, the UV lamps will inevitably miss particles. The missed particles have 
size information from the laser channel but don’t have any signal from fluorescent channels. 
The examined particles in fluorescent channels are noted as “Excited” particels, and the 
undetected ones are considered as “Unknown”. Excited particles can be further classified as 
fluorescent and non-fluorescent particles according to their fluorescent strength. Unknown 
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particles without fluorescent information cannot be classified directly but can be prorated into 
different types when calculating the concentrations later.  

The criteria to examine the Excited particles for fluorescent or non-fluorescent particles 
is based on the fluorescent background in each fluorescent channels. To get the fluorescence 
background in each fluorescent channels, one minute’s force trigger (FT) tests were 
performed once per day for both indoor and outdoor units. For each fluorescent channel, the 
threshold for classifying an Excited particle into a fluorescent particle is that, the measured 
fluorescence of this particle in the channel is larger than the mean fluorescence of the FT test 
plus three times its standard deviation (SD, )28, as shown in Eq. (1). 

For excited particles that are not missed by the Xenon flashlamps, each will have three 
fluorescent intensities in three channels, i.e. FL1, FL2, and FL3. If any of the three 
fluorescent signals exceed their thresholds, it will be considered as a fluorescent biological 
airborne particle (FBAP). For all FBAPs, we further classified them into seven subdivision of 
fluorescent types can be performed according to the three measured channels29: A, B & C are 
the particles that had only reached the threshold of one channel (FL1, FL2 & FL3, 
respectively) but didn’t reach the thresholds of the other two channels; AB, AC & BC are the 
particles recognized only in two of the three channels; and particles with the type ABC are 
those that can be detected in all the three fluorescent channels. In contrast, only if the excited 
particle cannot reach any of the three thresholds, it will be considered as a non-fluorescent 
particle, noted as non-FBAP. To show the relationship among the detection channels and the 
related particle type more clearly, the indoor and outdoor particles measured during the month 
are summarized in Figure 2. Followed by Perring et al.29, this classification method provides 
important potential to distinguish species30. However, there is still a lack of sufficient 
evidence for mapping FBAP subtypes to species in field studies (details are discussed in 
Appendix 1 (S1)). 

σ

(1)"  chnl ∈ {FL1, FL2, FL3} 3FT
chnl chnlfluorescence fluorescence σ> +
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"  
Figure 2. Summary of measured particles in one month (23 Mar – 20 Apr, 2019). Each bar 

shows the total number of detected particles in the channel, and the color fill of the bar shows 
the related particle types. The color scheme for different particle types followed a previous 

study31. For indoor particles, the Venn plot was derived from the total number of particles in 
each channel as a full circle area and each subdivided type as a filled area with different 

colors. 
The relationship among different categorized particle types can be summarized by the 

Eq. (2). The asterisks in Eq. (2) indicate that the corresponding types of particles have not 
considered their amount in Unknown particles yet.  

(2)

"
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In this study, according to the measured particle diameters (Dp), we classified the 

particles into 16 size bins from 0.5 to 20 µm with same logarithmic distance ( " ) of 0.1 
µm. For PM, Excited and Unknown type of particles, the particle counts in the ith size bin was 

denoted as " . For other particle types, the real amount of particles need to include the 
amount of unclassified Unknown type. For each size bin, we assumed that the proportions of 
these type of particles in Excited and Unknown are the same. Hence, to calculate the real 
particle amount of each type, we can multiply the amount of PM by the proportion of the 

classified amount ( " ) of this type in Excited, as shown in Eq. (3). Further, the size-

resolved number concentration ( , #/cm3) can be calculated directly by using the 

measured particle counts at ith size bin ( ) divided by the sample flow rate ( , cm3/s) and 
the sampling period ( , s), as shown in Eq. (4). Using an assumed density of 1.67 g/cm3 for 

all the particles32,33, the mass concentration ( , µg/m3) was calculated in Eq. (5).  

The data analysis was performed in R programing language using RStudio v1.2.5001. 
For the R packages used in this study, we used rhdf5 v2.28.134, Tidyverse v1.2135, and 
data.table v1.12.436 to handle the measured raw data in .h5 format. We used ggplot2 v3.2.137 
for data visualization, and patchwork v0.0138 to combine plots. The codes and data will be 
available at https://github.com/JiayuLIAQ/FBAP_bedroom.  

2.3.  Quality control and uncertainty analysis 
To ensure the same performance, both units were sent back to the manufacturer (Droplet 

Measurement Technologies, USA) for factory calibration just before the experiment. Auto 
fluorescent monodisperse polystyrene latex (PSL) microspheres (Fluoro-Max, Thermo Fisher 
Scientific, USA) were used to calibrate the size and fluorescence of particles. As the 
calibration curve was based on PSL sphere, the reported sizes were an estimation when the 
particle is not spherical. When the units had returned from their calibration, we double-
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checked the performance via a side-by-side comparison test, whereby the two units ran with 
two calibrated optical particle sizers (OPS) (3330, TSI, USA). The differences between the 
measured number concentrations from these four instruments for each size bins were less than 
10%. To further eliminate the influence of equipment on the indoor and outdoor relationships, 
two units were alternatively measuring indoor and outdoor, which alternated after seven days.  

3. RESULTS 
During the one-month experiment, conditions were summarized in Figure 3. The boxplot 

shows the daily occupied duration and daily usages of the AC, fan and the window.   

"  
Figure 3. Experimental conditions during the one-month experiments. The filled areas of the 
boxes are the interquartile ranges (IQR) for daily usage durations. The line in the box is the 
median, and rhombus dots the arithmetic mean. Whiskers of the boxes start from the upper 

and lower limits of the box and end at the length of 1.5 times the IQR or at the maximum and 
minimum values – whichever is reached first. If whiskers end at 1.5 times the IQR, the round 

dots are the outliers. The ribbon plot shows the variation in the indoor and outdoor 
temperatures and RH. The lines are the mean values at that time of the day during the one-
month experiment and the lower and upper limits of ribbons are mean values minus or plus 

standard deviations (SD), respectively. 
From Figure 3 (a), the occupant spent around 14.7 hours per day in the room during 

weekdays and about 18.6 hours during weekends. The occupant used the fan more often than 
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AC, and he tended to keep the window open to have more natural ventilation, especially 
during weekends when he spent more time at home. During the experiment period, 28% of 
the time the AC was on, 41% the fan was on, and 61% the window was open. The occupancy 
and the usage of the AC, the fan, and the window didn’t show a clear diurnal pattern (detailed 
in Appendix 1 (Figure A1)). During the one-month experiment, the window was kept either 
fully open or closed, the setpoint of the AC was 27 °C when it was on, and the fan was 
operating at the “middle” level under oscillation mode, which generated the averaged room 
airflow around 0.2 m/s. As shown in Figure 3 (b), the indoor temperature was between 27 °C 
and 30 °C for most of the time, which had a higher variation among days than outdoor one 
according to the width of the ribbons. However, there was less variation for the mean values 
along the time than outdoor ones, and indoor temperature was lower for most of the time. The 
indoor RH was around 60% to 75%. Indoor RH was higher than the outdoor one during the 
daytime, while outdoor RH was higher during nighttime. 

3.1. Concentrations and size distributions of indoor and outdoor particles 
With the measured one-month particle data, the number concentrations for each day were 

calculated in different particle types and size bins and plotted in Figure 4. 

"  
Figure 4. Indoor and outdoor aerosol number concentrations in different type (a). size bins (c), 

and the fractions of different fluorescent particles in the PM (b). The boxes colored in 
turquoise are the interquartile range (IQR) for indoor particles, and those colored in red are 
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the outdoor particles. The statistical symbols have the same meaning as those in Figure 3, thus 
not repeated here. Statistical data can be found in Table A1–A3 in the Appendix 1. 

Figure 4 (a) shows particle number concentrations (#/cm3) of different types of particle. 
For all the particle types, both the mean and median number of outdoor concentrations are 
always higher than those indoors. During the month, the median (IQR) concentrations of PM 
within the measuring range of 0.5 – 20 µm were 3.7 (2.7) and 7.8 (3.1) #/cm3 for the indoor 
and outdoor environments, respectively. Among the total amount of airborne particles, most 
of them were non-fluorescent. The FBAP have concentrations of 0.7 (0.5) and 1.4 (0.7) #/cm3 
for the indoor and outdoor environments, which contributed 19% (5%) and 17% (3%) of PM 
by median (IQR), respectively, as shown in Figure 4 (b). By the mass concentration, 78% 
(12%) and 55% (9%) of PM were indoor and outdoor FBAP, respectively, which were much 
higher than those by the number concentration. The different size distribution of different 
particle types will be discussed in the next section. Further, Figure 4 (b) also shows that, for 
particle types not related with FL2 (FL1, FL3, A, C, AC), indoors always has a higher 
proportion in PM than outdoors, but for FL2 related types (FL2, B, AB, BC, and ABC), their 
contribution to PM in indoors and outdoors are similar. If we separate the PM concentrations 
into different size bins for both indoors and outdoors, we can see from Figure 4 (c) that the 
number concentration was dominated by the first bins (0.50 - 0.63 µm) with the median (IQR) 
of 2.4 (1.8) and 4.6 (1.8) #/cm3, respectively. As the particle size increases, both indoor and 
outdoor number concentrations decreased exponentially. However, the indoor and outdoor 
mass concentrations were dominated by 12.51-15.88 µm and 2.51-3.16 µm, respectively 
(detailed in Appendix 1 (Figure A2)). For the particles with a diameter smaller than 10 µm, 
outdoors has more particles; however, for the coarser particles larger than 10 µm, the 
concentration indoors becomes higher.  
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"  
Figure 5. Normalized size distribution for different types of particles. The ribbons are the IQR 
of the normalized particle concentrations for each particle type, and the solid lines show their 
median values. Note that the data points for ribbons and lines were middle points (Dp) with 
the same logarithmic distance between upper and lower levels of size bins. The related data 

can be found in Appendix 2 (.csv format). 

In Figure 5, the particle number concentration is normalized by the logarithmic distance 
of each size bin. It shows that, for most of the particle types in both the indoor and outdoor 
environments, concentrations decayed monotonically with increase in particle size. However, 
for BC and ABC types of fluorescent particles in both indoor and outdoor environments, the 
highest concentrations were observed between the size ranges of 0.7 – 1 µm and 2 – 3 µm, 
respectively. If we focused on the total number of FBAP and non-FBAP particles shown in 
the gray and brown plots in Figure 5, more of smaller particles are non-FBAP and more of the 
larger ones are FBAP. Indoors FBAPs dominated above 2 µm, and outdoors ones dominated 
above 3.5 µm. The concentrations of type AC particles were always the lowest for all the 
sizes. For indoor and outdoor environments, the proportional size distribution of different 
particles according to the number and mass concentrations were plotted in Figure A3 
(Appendix 1), respectively, and the related data can be found in Appendix 3 (.xlsx format) 

3.2. Proportions of FBAP in PM 
For each size bin in Table 1, proportions of different type of particle in PM were 

calculated for the indoor and outdoor environments, respectively. It shows that most of the 
particles in the first size bin (0.50-0.63 µm) are non-FBAPs, and FBAPs only contribute 12% 
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and 10% of the indoor and outdoor PM, respectively. When particle size increased, the 
proportions of FBAPs increased. Especially, when FBAPs are smaller than 1 µm, their 
proportions in each size bin increased dramatically with their size. The proportions of non-
FBAP in the indoor environment were always higher than those in the outdoor environment 
for all size bins, especially for particles within the size range of 1.58 – 10.01 µm. The FBAP 
proportions indoors could be 10 – 17% higher in the median difference. Other statistical data 
showing the indoor and outdoor differences of FBAP and other particle types were plotted in 
a boxplot in Appendix 1 (Figure A4).  
Table 1. Proportions of FBAP in PM for each size bin in the indoor and outdoor environments. 

The proportions of non-FBAPs and the subdivisions of FBAPs in PM were plotted in 
Figure 6, and the proportion differences of those particle types between the indoor and 
outdoor environments were plotted in Figure A4 in Appendix 1. It shows that non-FBAPs 
contributed less to PM than FBAP when their sizes were larger. The proportions of type ABC 
increased monotonically along with particle size. When the particle diameter is larger than 2 

Size bin (µm)
Indoor Outdoor Δ  

MedianMedian 5th 95th Median 5th 95th

0.50-0.63 12% 7% 20% 10% 7% 16% 2%

0.63-0.79 27% 19% 39% 22% 15% 36% 5%

0.79-1.00 40% 30% 50% 30% 23% 49% 9%

1.00-1.26 46% 38% 59% 38% 27% 59% 8%

1.26-1.58 48% 42% 61% 38% 28% 55% 9%

1.58-1.99 49% 37% 69% 36% 27% 52% 13%

1.99-2.51 50% 36% 72% 35% 25% 51% 15%

2.51-3.16 62% 46% 77% 44% 30% 57% 17%

3.16-3.98 72% 58% 81% 55% 40% 68% 16%

3.98-5.01 79% 68% 89% 64% 49% 75% 15%

5.01-6.32 86% 76% 94% 73% 62% 82% 14%

6.32-7.95 93% 88% 97% 81% 73% 88% 12%

7.95-10.01 98% 95% 100% 87% 79% 93% 11%

10.01-12.61 100% 99% 100% 93% 87% 97% 7%

12.61-15.88 100% 98% 100% 97% 92% 100% 3%

15.88-20.00 100% 100% 100% 100% 93% 100% 0%
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µm, ABC particles contributed to most of the FBAPs. Especially in the indoor environment, 
almost all the fluorescent particles were type ABC with the median proportion larger than 
98% for particles larger than 10 µm. In both indoor and outdoor environments, type B had the 
highest proportions in the first three size bins. In the indoor environment, type A had a 
unimodal distribution with the peak around 1.00-1.26 µm, whilst the proportions of this type 
in the outdoor environment were bimodally distributed. The first modal of the type A particles 
in outdoor environment was approximately the same as the indoor peak, and the second 
modal was larger in size (5.01-6.32 µm). According to a previous study39 about the 
interpretation of type A particles, bacteria contributed the first modal, and fungi contributed 
the second. Thus, we can deduce the proportion of bacteria in PM could be higher in the 
bedroom than outdoor, while that of fungi could be higher outdoors. For types B and BC, the 
proportion of outdoor particles were bimodally distributed based on the size with the higher 
peaks appearing in the larger size bins, whilst those found the indoor environment only show 
one prominent peak in the smaller size ranges, which aligned with the lower peak of the 
outdoor environment. For type C and AC, the proportions were relatively small with relatively 
even distribution along with the size. 
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"  
Figure 6. Size-resolved proportions of non-FBAP and subtypes of FBAP in PM in the indoor 

and outdoor environments. Because there were always one or two types of particle which 
have much higher proportions than others for both indoor and outdoor environments, the 
lower parts of the plots have been enlarged (shown as the shaded region) to show them 

clearly. The related data can be found in Appendix 4 (.xlsx format). 
The status of window and occupancy could also affect the difference of PM 

compositions between the indoor and outdoor environments (detailed in Figure A5 in 
Appendix 1. Comparing to the overall indoor and outdoor differences listed in Table 1, the 
differences were larger when the room was occupied and the window was closed. However, 
when the window was open, the difference of the PM composition was narrowed down 
because of a higher air exchange rate. 
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3.3. Effect of window on indoor and outdoor particle dynamics 
According to the status of window (i.e. open & closed) and occupancy (i.e. occupied & 

unoccupied), we further subset the results of the I/O ratio into four parts and plotted this 
information in Figure 7. 

"  
Figure 7. Effect of window and occupancy status on the I/O ratio of particle concentration. 

The color filled boxplots plot size-resolved results, and unfilled plots show the I/O ratios for 
aggregated size bins by number and mass concentrations. 

For both non-FBAP and FBAP, the I/O ratios when the room was occupied were higher 
compared to when it was unoccupied for all size bins. The differences of FBAP between 
occupied and unoccupied periods were much larger than those of non-FBAP, especially for 
larger sized particles. This shows that the occupant was a source of both non-FBAP and 
FBAP, whereby FBAP had a larger bin size.  

For this bedroom scenario, occupancy determined the indoor source strength of particles, 
while the window status affected the exchange degree between indoor and outdoor particles. 
When the room was unoccupied, the indoor particles originated from the outdoor 
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environment, opening the window increased the I/O ratio for both non-FBAP and FBAP at all 
size bins due to a higher infiltration rate, as shown in the bottom two subplots in Figure 7. 
However, when the occupant was in the room, opening the window increased the I/O ratio of 
non-FBAP for all size bins, but decreased the ratio of FBAP at 3.16-3.98 µm and bins with 
larger sizes. Dominated by FBAP in larger sizes, when PM was at and larger than 3.98-5.01 
µm, its I/O ratio was lower when the window was open than it was closed. The effect of the 
window on I/O ratios indicated the source strength between the indoor and outdoor 
environment was different for different size bins and particle types. For non-FBAPs, even the 
occupant could be a source according to the previous paragraph, although its strength was 
weaker than outdoors for all size bins. For FBAPs, the indoor source was stronger than the 
outdoor one when the size was larger than 3.16 µm. Moreover, the mass concentration was 
dominated by the particles with larger sizes. When the window was closed, the lumped I/O 
ratio of PM and FBAP by the mass concentration was 1.6 and 2.3 times higher than it was 
open.  

For other subtypes of FBAP, the mass aggregated I/O ratios of FL1 channel related types 
(i.e. A, AB, AC, and ABC) were lower when the window was open compared to when it was 
closed, but not for the other particles (detailed in Figure A6 in Appendix 1). We can deduce 
that, even the total amount of bioaerosols were mainly generated within the indoor 
environment, different kind of bioaerosols could have different sources.  

4. DISCUSSION 

4.1. Sources strength of aerosols in the bedroom 
Under the assumption that infiltrated particles originate only from the outdoor 

environment, the mass balance method40,41 was used to estimate the indoor source strength for 
all kinds of particles (detailed in the Appendix 1 S2). Without detailed recorded activities, 
each day of the experiment was separated into three periods with one-hour safety margins 
placed before and after unoccupied, awake, and asleep periods to calculate the indoor particle 

emission rates. The results of the number emission rate ( "  #/h) and the mass emission 

rate ( " , mg/h) were listed in Table 2. 

,
type
N activityE

,
type
M activityE
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Table 2. Number and mass emission rates for different particles by mean (SD). 

During the unoccupied periods, indoor emission rates of particles were around zero for 
all the size bins, which means the occupant or the occupant’s activity were the major source 
of airborne particles in the bedroom. When the occupant was in the bedroom and awake, the 
mean indoor source strengths of PM were 94.5 # × 106/h and 5.09 mg/h, and those of FBAPs 

Unit Unoccupied Awake Sleep

# × 106/h 1.0 (15.8) 94.5 (83.8) 37.4 (58.5)

# × 106/h -3.9 (13.6) 48.6 (64.4) 18.7 (43.0)

# × 106/h 4.9 (6.1) 45.9 (34.2) 18.7 (18.4)

# × 106/h 1.5 (1.4) 18.5 (30) 1.6 (1.5)

# × 106/h 0.9 (2.6) 6.2 (8.0) 5.2 (7.5)

# × 106/h 0.7 (1.6) 3.1 (2.3) 2.3 (2.4)

# × 106/h 0.4 (0.5) 3.5 (3.1) 0.7 (1.1)

# × 106/h 0.1 (0.2) 1.0 (1.1) 0.3 (0.3)

# × 106/h 0.9 (2.2) 3.5 (5.4) 4.0 (5.1)

# × 106/h 0.4 (0.7) 10.2 (8.8) 4.6 (6.0)

mg/h 0.02 (0.07) 5.09 (7.34) 2.88 (6.67)

mg/h -0.01 (0.02) 0.06 (0.11) 0.05 (0.16)

mg/h 0.02 (0.06) 5.02 (7.28) 2.83 (5.91)

mg/h 0.00 (0.00) 0.06 (0.1) 0.01 (0.01)

mg/h 0.00 (0.01) 0.01 (0.02) 0.09 (0.27)

mg/h 0.00 (0.00) 0.01 (0.01) 0.01 (0.02)

mg/h 0.00 (0.01) 0.05 (0.07) 0.17 (0.5)

mg/h 0.00 (0.00) 0.01 (0.01) 0.02 (0.04)

mg/h 0.00 (0.01) 0.02 (0.03) 0.01 (0.02)

mg/h 0.02 (0.06) 4.86 (7.27) 2.52 (5.06)
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were 45.9 # × 106/h and 5.02 mg/h, by number and mass respectively, the resultant FBAP 
proportions of PM were 44% and 98%. While asleep, the emission rate was less than a one-
half of when the occupant was awake. The FBAP proportion in the emitted particles was also 
higher. Comparing the FBAP proportions in PM in both environments, the proportions in 
emitted particles during occupied periods were much higher, which changed the PM 
composition between indoors and outdoors, as shown in Table 1. For subtypes of FBAPs, 
ABC had the highest indoor source strength regarding the mass emission rate during both the 
awake and sleep periods. For the emission rates by the number of particles, type A and B were 
the highest during the awake and sleep periods, respectively. Interestingly, type B and BC had 
higher emission rates by mass during the sleep periods than awake, but did not have those by 
number. This could be because the interaction of the occupant and the mattress and the human 
thermal plumes resuspended larger particles from the bed17. 

The size-resolved emission rates are shown in Appendix 1 (Figure A7, A8, and Table 
A4). The indoor emission rate in the first bin size (0.50-0.63 µm) was the highest by number, 
while the mass emission rate was dominated by the last two bins (i.e., 12.61-15.88 and 
15.88-20.00 µm). Using the size resolved data, we can take a subset of the data to match the 
size range and compare the emission rate with previous studies. Using a previous version of 
WIBS with the measuring size range of 1 -10 µm, Zhou et al.42 studied per person emission 
rates of FBAP when activity was to walk inside an environmental chamber. The emission 
rates ranged from 6.8 to 27.9 × 106 #/h according to different skin moister levels. After taking 
a subset of the data corresponding to the same size range, the mean (SD) count-based 
emission rate during the awake period in our study was 24.5 (20.0) × 106 #/h, which was 
comparable to Zhou et al.’s study. In another environmental chamber, Bhangar et al.43 used a 
UV-APS to investigate the human emission rate of FBAP within a size range of 2.5-10 µm 
and reported 0.9 and 6.0 × 106 #/h per person under seated and walking conditions, 
respectively. To make results from WIBS and UV-APS comparable, we need to consider both 
size range and fluorescent channels. According to a side-by-side comparison between UV-
APS and WIBS44, the FL3 channel related particle type (i.e. C, AC, BC, and ABC) was 
selected for this comparison. After taking the subset, the mean (SD) of the count-based 
emission rate during awake period was 5.1 (4.4) × 106 #/h, which was comparing to the 
emission rate under the walking condition found in Bhangar et al.’s study. In summary, the 
bedroom FBAP source strength when the occupant was awake was comparable to those 
reported in previous studies under walking conditions in a chamber. When the occupant was 
awake, though the bedroom activities were mainly seated, some short-term bedroom activities 
could generate large amount of FBAPs, such as vacuum cleaning45, arranging the bedsheets46, 
and folding clothes47, which made the averaged emission rate during the awake periods in the 
bedroom comparable to the emission rate under walking conditions in a controlled chamber. 
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4.2. Estimated contributions of indoor sources to indoor airborne particles 

Using the size- and type-resolved emission rate under different activities ( " , i 

denotes the ith size bin in the total of n bins) and the outdoor concentration ( ), the indoor 

concentration ( " ) of each particle type can be estimated by Eq. (6). 

The first term in the summation formula indicates the contribution of the outdoor sources 

and the second term shows that of indoor sources. Given two air change rates ( =0.27 h-1, 

and =1.32 h-1), the proportional contribution of indoor source to indoor airborne particles 
can be calculated by (7). 

Using the median outdoor concentration and the emission rates under different activities, 
the proportional contribution of the indoor source both when the window was closed and open 
was calculated and listed in Table 3. 
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Table 3. Contributions of the indoor source to indoor particles in proportions (%) 

From Table 3, the contribution of indoor source to indoor particles decreased when we 
opened the window. The number concentration of indoor FBAP was dominated by the indoor 
source when the window was closed (i.e. more than 50%), while the mass concentration was 
always dominated by the indoor source no matter the window condition. In contrast, indoor 
non-FBAP was always dominated by outdoor sources. Most of subtypes of FBAPs (except 
type B by number) were dominated by indoor sources by a various degree in proportions.   

4.3. Relationship between the indoor bioaerosol exposure and window 
conditions 

As shown in Eq. (6), given the condition of the window (open or closed) and the activity 
(sleep or awake), the indoor and outdoor concentrations form a linear relationship. We assume 
that the proportioned size and type distribution are relatively stable in the outdoor 

environment, denoted as " and " , respectively, which can be found in 
Results 3.1 and 3.2 with the uncertainty (IQR) less than 10% for FBAPs. We can obtain the 

outdoor concentration of each particle type ( " ) by outdoor PM levels (" ) using Eq. (8). 
By substituting Eq. (8) into Eq. (6), we can estimate the indoor concentration of each particle 

By number By mass

Closed Open Closed Open

Awake Sleep Awake Sleep Awake Sleep Awake Sleep

PM 48.0 28.2 16.3 7.5 94.2 90.4 80.0 70.1

non-FBAP 40.3 22.0 12.1 5.3 47.2 33.6 15.7 10.5

FBAP 71.0 51.9 34.4 18.4 97.6 95.7 90.1 83.3

A 89.0 42.8 63.1 13.4 93.5 55.7 74.8 20.7

B 49.6 47.3 16.8 15.3 61.5 83.5 25.1 55.5

C 64.4 58.6 27.2 22.3 70.8 68.3 32.8 31.1

AB 74.6 42.1 39.6 13.2 90.1 94.6 65.2 79.6

AC 90.3 69.6 66.5 32.8 93.5 93.1 74.3 74.5

BC 63.0 68.3 26.2 30.4 72.3 67.5 34.8 29.0

ABC 87.3 76.4 60.0 40.6 99.0 98.1 95.4 91.4

. PM
isize prop . type

itype prop

out,
type
iC out

PMC
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type ( " ) under each activity by using outdoor PM concentrations ( " ), as shown in 
Appendix 1 (Figure A9). 

From Figure A9, when  is lower than 19.1 µg/m3 and when the occupant is awake 

(or, when < 9.9 µg/m3 and when the occupant is sleeping), we should open the window 

to lower indoor FBAP levels. The periods when  was lower than 19.1 and 9.9 µg/m3 
account for 21.1% and 74.8% of the total experiment period, respectively. Hence, for most of 
the time in that month in Singapore, opening the window can have a lower level of indoor 
bioaerosol exposure when the occupant was awake at home, while it was better to close the 
window when sleep regarding the level of bioaerosol exposure. 

Furthermore, with higher uncertainty, we can generalize the results by using widely 
reported air quality station data as an indicator to decide whether we should open the window. 
In Singapore, 24-hourly averaged outdoor mass concentrations of PM<2.5 and PM<10 (i.e., PM 
with a diameter smaller than 2.5 and 10 µm, respectively) are reported by the National 
Environment Agency and updated hourly. The overlapped size range between the outdoor 

concentration ( " ) in this study and the station-reported PM concentrations is from 2.5 to 

10 µm, and the mass concentrations were noted as  and  in µg/m3, 
respectively. The data from the central station (1°21'26.5"N 103°49'12.0"E) was selected 
because its location was the nearest one to the sampling site (1°18'20.9"N 103°45'43.5"E). 

The relationship between " and " are written in Eq. (9), and the coefficient 

( ) was equal to 0.73 (R2 = 0.96), which from derived from a linear regression, as shown 
in Appendix 1 (Figure A10).  

Using the proportion of outdoor particles within the size range of 2.5-10 µm in total 

( " = 55.6% from the proportioned size distribution of PM in Section 3.1), we can 

get the outdoor concentration of PM ( " ) by Eq. (10). By substituting Eq.(8) and (10) back 
into Eq. (6), we obtain the relationship between the indoor concentration of each particle type 

( " ) and " , as shown in Eq. (11). Under different window and indoor activity 

conditions, the relationship between indoor FBAP concentration ( " ) and "  was 
plotted in Figure 8.  
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"  
Figure 8. Estimation of indoor FBAP mass concentration based on the difference between 

station-reported PM<2.5 and PM<10 concentrations 

In Figure 8, two lines show the estimated relationship between "  and  "  
when the window was open or closed, respectively. When the window is open, the slopes are 
larger than when it is closed, while the intercepts were smaller. Before the intersection of two 
lines, the indoor concentration is lower when the window is open than it is closed. For 

FBAPs, the "  on the intersection point is noted as the upper bound for opening the 

window ( ). The  during the awake and sleep periods were 14.8 µg/m3 and 7.5 
µg/m3, respectively, which were higher than the value during 20.3% and 89.6% of reported 

"  throughout the whole year of 2019 in Singapore. For other types of particle, the 

"  was calculated according to its indoor source strengths, size and type proportions in 
PM, and listed in Table 4. Though biological implications of the reported subtypes of the 
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FBAP is currently unclear, these type-resolved indicators could potentially help us to develop 
a more targeted strategy to mitigate certain classes of bioaerosols. 

Table 4. The estimated  for different particles (µg/m3) 

4.4. Limitations and future directions 
Besides the uncertainty from the fluorescent signals mentioned above, we will discuss 

more limitations of this study.  
First, these findings from this paper are limited by the single case study. Despite this 

room has certain representativeness of common living conditions in Singapore, we still need 
more cases to verify the results. For further studies, using the same methodology developed 
from this study, we plan to test more cases of different building types and different ventilation 
systems. 

Second, with focused on size-resolved relationships between biological and non-
biological, and indoor and outdoor aerosols, we haven’t considered the temporal variation of 
aerosols in this study. Time-resolved data from WIBS has the potential to identify the source 
of aerosols. This study already considered indoor sources of bioaerosols in relatively long 
periods, and we will further break it down and related them to different activities in further 
studies. 

Lastly, along with the particle size, WIBS also provides the asymmetry for each particle. 
We haven’t put this parameter in this study. The “shape” information is very important for 
species identification, which we will take this parameter into consideration for further species 
related analyses. 

5. CONCLUSIONS 
Major findings throughout the one-month measurement of indoor and outdoor bioaerosol 

sampling using two units of WIBS in a bedroom are: 
1. For both indoor and outdoor environments from this case study in Singapore, the 

median (IQR) number concentrations of PM were 3.7 (2.7) and 7.8 (3.1) #/cm3, and 
FBAPs were 0.7 (0.5) and 1.4 (0.7) #/cm3, which resulted in a higher FBAP 
proportion in PM indoors compared to the outdoors (19% vs. 17%). 

2. With the increase of particle size, concentrations of both FBAP and non-FBAP 
particles decreased but in different degrees. After 2 µm and 3.5 µm for the indoor and 

type
openUB

PM non-FBAP FBAP A B C AB AC BC
AB
C

Awake 7.1 1.3 14.8 13.2 1.8 2.3 5.6 9.1 1.9 27.7

Sleep 3.9 0.5 7.5 1.1 2.9 1.8 5.6 5.5 1.8 14.9
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outdoor environments, respectively, the amount of FBAPs became larger than that of 
non-FBAPs.  

3. For the particles within the first bin size (0.50-0.63 µm), around 89% and 91% 
particles were non-FBAPs for indoor and outdoor, respectively. The proportion of 
FBAP in PM for each size bin in indoors was always higher than those in outdoors. 
Especially particles within 1.58 – 10.00 µm, the fluorescent proportions indoors were 
10 – 17% higher than those in outdoors. 

4. The occupant dominated the indoor source of both FBAPs and non-FBAPs. When 
awake or asleep, count- and mass-based emission rates were 45.9 (34.2) and 18.7 
(18.4) × 106 #/h and 5.02 (7.28) and 2.83 (5.91) mg/h by mean (SD), respectively. 

5. Based on the I/O ratios of FBAP under different conditions, indoor FBAPs larger than 
3.16 µm were dominated by indoor sources, while indoor non-FBAPs mainly 
originated from the outdoor environment. Opening the window was an effective way 
to mitigate mass-based PM and FBAP exposures. 
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