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Abstract: We evaluated diurnal trends of size-resolved indoor and outdoor fluorescent

biological airborne particles (FBAPs) and their contributions to particulate matter (PM)
within 0.5-20 pm. After a ten-week continuous sampling via two identical wideband
integrated bioaerosol sensors, we found that both indoor and outdoor diurnal trends of
PM were driven by its bioaerosol component. Outdoors, the median [interquartile range]
FBAP mass concentration peaked at 8.2 [5.8-9.9] pg/m3 around sunrise and showed a
downtrend from 6:00 to 18:00 during the daytime and an uptrend during the night. The
nighttime FBAP level was 1.8 [1.4-2.2] times higher than that during the daytime, and
FBAPs accounted for 45% and 56% of PM during daytime and nighttime, respectively.
Indoors, the rise in concentrations of FBAPs smaller than 1 pm coincided with the starting
operation of the heating, ventilation, and air conditioning (HVAC) system at 6:00, and the
concentration peaked at 8:00 and dropped to the daily average by noontime. This
indicated that the starting operation of the HVAC system dislodged the overnight settled
and accumulated fine bioaerosols into the indoor environment. For particles larger than
1 um, the variation of mass concentration was driven by occupancy. Based on regression
modeling, the contributions of indoor PM, non-FBAP, and FBAP sources to indoor mass
concentrations were estimated to be 93%, 67%, and 97% during the occupied period.

Keywords: bioaerosols; particulate matter; aerosol compositions; human exposure; air
quality; WIBS
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1 INTRODUCTION

Bioaerosols, representing up to 15-68% of atmospheric particulate matters (PM) by
mass or number in different locations and environments (Jaenicke, 2005; Marcovecchio
and Perrino, 2021; Morris et al,, 2011; Péschl et al,, 2010), are of high interest due to their
exposure effects on human health (Kim et al., 2018; Morawska et al., 2017; Schwartz and
Collins, 2007; Shiraiwa et al., 2017) and their important role in climate and atmospheric
science (Després et al.,, 2012; Huang et al., 2021; Poschl et al., 2010).

Globally, the level of atmospheric fine PM with a diameter less than 2.5 um (PMz2s)
varies in a certain trend diurnally (Manning et al.,, 2018). In many cities, the nighttime
PM:;s level will be higher than that during the daytime, especially when the anthropogenic
emissions are not strong or when the diurnal cycle of atmospheric mixing dominates. A
study focused on bioaerosols in the tropics (Gusareva et al., 2019) showed that the level
of airborne microorganisms follows a clear diurnal pattern. This pattern was assumed to
be affected by environmental factors, such as temperature, humidity, and the
concentration of carbon dioxide. Bioaerosols in the daytime showed higher diversity but
contained less biomass than those in the nighttime. The two studies mentioned above did
not explore the relationship between PM and bioaerosol. Further, no studies have
provided size-resolved aerosol information on the diurnal trend indoors and outdoors in
the tropics, which is essential to further understand human exposure and their health
impacts (Harrison and Yin, 2000; Kelly and Fussell, 2012; Kim et al., 2015; Strak et al,,
2012; Ye et al,, 2021; Yin et al., 2020).

Exposure to indoor aerosols could be more directly related to human health because
people spend nearly 90% of their time indoors (Klepeis et al,, 2001). Indoor biological or
non-biological airborne particles can be introduced from outdoors through ventilation
and infiltration (Nazaroff, 2016, 2004; Prussin and Marr, 2015), or emitted indoors
through sources such as occupants, printers, and carpets (Bhangar et al.,, 2016; Li et al,,
2020; Tian et al,, 2018; Yamamoto et al., 2015; Yang et al., 2020; Yin et al,, 2022). The
proportion of indoor particles of outdoor origin depends on the operations and types of
windows(Dai etal., 2020; Xia et al., 2021), heating, ventilation, and air conditioning (HVAC)
and air filtration and disinfection systems (Feng et al., 2018b, 2021a; Wang et al.,, 2022),
wind and temperature conditions, and building envelop permeability. Each of these
factors influenced the characteristics of the particle differently within a day. For example,
occupants desiring more fresh air indoors in the morning may open the windows, but in
the process, facilitate the outdoor traffic-related particles ingress. Hence, the resulting
diurnal trend of indoor aerosol levels is dominated by the contribution of both indoor and
outdoor sources. A better understanding of the diurnal trends of indoor aerosols can help
us optimize the schedule of occupancy, HVAC and air cleaning systems (Feng et al., 2021b,
2018a; Luo et al,, 2022) so that it can mitigate potentially harmful aerosol exposure.

The most challenging part of experimentally investigating the diurnal trends of
bioaerosols is the temporal resolution of bioaerosol sampling. Conventional culture-
based methods can rely on short sampling duration (Griffiths and DeCosemo, 1994;
Mainelis, 2020), but the required high intensive labor for preparing, sampling and
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incubating the agar plates deter them to be used for day-and-night long-term samplings
with a high temporal resolution. Besides, culture-based methods tend to be biased
towards the culture medium used (Burge, 1995) and only measure culturable
microorganisms (Ghosh et al.,, 2015; Mbareche et al.,, 2017) which can account for less
than 1% of the total bioaerosols (Toivola et al., 2004) despite the fact that non-culturable
microorganisms can be still harmful (Cox et al., 2020). Filter-based methods with DNA- or
RNA- based sequencing techniques can provide abundant biological information for both
viable and non-viable bioaerosols but normally require a long duration (days to weeks
(Cao etal.,, 2014; Hospodsky et al., 2015; Kwan et al., 2020)) to collect sufficient bio-mass
for DNA extraction and sequencing. In contrast, the recently emerging technique of using
light-induced fluorescence (LIF) to detect bioaerosols based on their intrinsic
fluorescence can provide real-time size-resolved information on both biological and non-
biological airborne particles (Fennelly etal., 2017; Forde et al., 2019; Huffman et al., 2020).
Though the LIF method has relatively a limited ability to differentiate between bioaerosol
classes (Huffman et al., 2020), this technique can be the ideal method for evaluating the
short-term dynamic of bioaerosols (Smith et al., 2022). Typical LIF-based instruments are
the wideband integrated bioaerosol sensor (WIBS), the ultraviolet aerodynamic particle
sizer (UV-APS), and spectral intensity bioaerosol sensor (SIBS), which are widely used for
both indoor and outdoor bioaerosol measurements (Handorean et al.,, 2015; Ma et al,,
2019; Patra et al,, 2021; Poschl et al., 2010; Tian et al., 2018; Wei et al.,, 2016; Yang et al,,
2020).

In this study, we aim to better understand the diurnal variations of size-resolved
biological and non-biological aerosols in both indoor and outdoor environments. With
two units of WIBS simultaneously monitoring the indoor and outdoor aerosols for three
months in a high-rise office building, we sought to evaluate the diurnal trends of a)
outdoor and indoor biological and non-biological aerosols levels, b) the PM compositions
in outdoor and indoor environments, and c) the outdoor and indoor relationship of
biological and non-biological aerosol particles.

2 MATERIALS AND METHODS

2.1 Indoor and outdoor sampling

We conducted a continuous indoor and outdoor bioaerosol monitoring campaign
from 01 October 2019 to 15 January 2020 in a typical high-rise office building
(1°18'13.9"N; 103°46'24.7"E) located in the urban area in Singapore, as shown in Figure
S1. The experimental site is situated near the Equator and has a typically tropical climate,
with abundant rainfall, high and uniform temperatures, and high humidity all year round
(Li and Tartarini, 2020; National Environment Agency, 2021). The meteorological conditions
during the period of the experiment are summarized in Figure S2. The outdoor
temperature was ranging from 25.7°C to 29.9 °C, and relative humidity (RH) was ranging
from 68.2% to 90.1%. The daylight hours in Singapore are relatively constant around the
year. During the experimental period, the sunrise was around 6:51, the sunset was around



18:55, and the solar noon was around 12:57 with a variation of + 6 minutes, respectively.
North wind, i.e., the wind blowing from land, was prevailing during the experimental
period.

Two identical units of WIBS (WIBS-5/NEO, Droplet Measurement Technologies, USA)
were used to simultaneously detect biological and non-biological airborne particles in
both indoor and outdoor environments. The indoor and outdoor sampling locations were
shown in Figure S3. The outdoor sampling was performed on the 13t floor at the outdoor
air intake point of the HVAC system which served the whole building. We put the sampling
instrument inside a ventilated weatherproof enclosure and used the conductive sampling
tube to sample the air outside of the box. The heights of the sampling point are 1.3 m to
the floor and 64 m to the ground. The horizontal distance between the outdoor sampling
point to the main traffic road is around 57 m. The indoor sampling point was placed on
the office desk in the middle of an open-plan office. There were 36 partitioned
workstations in the office of 280 m? (the height from the floor to the suspended ceiling is
2.8 m). The floor of the office was fully covered by carpets (Figure S3). Most occupants are
workers with a relatively flexible schedule. As shown in Figure S4, the majority of people
arrived at the office before 9:00 and left around 17:30. Except for the flexible lunch break
between 12:00 to 14:00, the occupancy of the office was around 12 to 15 during weekdays.

The HVAC system ventilated the office with 100% of outdoor air at a rate ranging from
1.9 to 2.1 air changes per hour (ACH). This single-pass system delivered the conditioned
air into the office via terminal active chilled beams. The air was exhausted from the space
with no recirculation. The HVAC system started running at 6:00 and was shut down at
20:00 every workday. During the period when the system was off, the infiltration rate
ranged from 0.12 to 0.23 ACH. The air exchange rates during the mechanically ventilated
and infiltration periods were quantified via the carbon dioxide (CO2) tracer decay method
detailed in a previous study(Zuraimi et al, 2022). One HOBO data logger (MX1102,
HOBO®, Onset Computer Corporation, the United States) was used to monitor the indoor
CO2 temperature and RH at the indoor sampling location. As shown in Figure S2,
compared with the outdoors, the indoor location had a relatively stable temperature and
RH around 26.5°C and 60%, respectively. The indoor CO2 concentration followed the
occupancy, which was shown in Figure S4.

2.2 Data analysis

WIBS features as a single-particle real-time instrument for detecting bioaerosols,
which provides size and fluorescent characteristics for each particle within the size range
0f 0.5-20 pum. The aerosol particle is first drawn through a continuous wave laser, and the
resulting scattered light is detected and used to count and size all incoming particles one
by one. The scatter signal sequentially triggers two Xenon flashlamps filtered to emit UV
light at 280 nm and 370 nm wavelengths, respectively. Any fluorescence emitted by the
particle due to these excitations is imaged onto two photomultiplier tubes equipped with
filters to detect light from 310 to 400 nm and from 420 to 650 nm. With the combination
of the two excitation wavelengths and two detection ranges, we can have three channels
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(one channel in the combination is saturated, i.e., the excitation wavelength overlaps with
the detection range.) of fluorescent information for each particle. The three channels are
noted as FL1: excitation at 280 nm, emission at 310-400 nm; FL2: excitation at 280 nm,
emission at 420-650 nm: and FL3: excitation at 370 nm, emission at 420-650 nm. FL1
and FL3 target the biological signature of tryptophan and nicotinamide adenine
dinucleotide phosphate (NADPH) (Pohlker et al., 2012), but FL2 does not have a clear
correspondence with fluorescent biomolecules. If the fluorescence of the particle exceeds
the threshold (detailed in Supporting Information) of any of the three channels, we note
this particle as the fluorescent biological airborne particle (FBAP). If the particle does not
reach the detection threshold of any of the three channels, it will be labeled as a non-FBAP.
Further, we followed the most widely used classification method (Perring et al., 2015) to
further classify FBAPs into seven subtypes noted as A, B, C, AB, AC, BC, and ABC. A, B, and
C types of particles are those particles that only show fluorescence in only one of the FL1,
FL2, and FL3 channels, respectively. AB, AC, and BC are those that detected the
fluorescence in two of the three channels, and ABC particles are those that flagged
fluorescence in all three channels. Though it is still under debate in field studies about
which type is more relevant to bioaerosols (detailed in Supporting Information), this
study tended to use this relatively detailed classification to reserve potentials to map the
fluorescent subtypes to biological kingdoms, or even species, of bioaerosols in the future.
Further, we classified the FBAPs into bacteria-like, fungi-like, and pollen-like particles
according to the contributions of each fluorescent type of particles within certain
thresholds of particle size ranges (Nathu et al., 2022; Nieto-Caballero, 2021; Nieto-Caballero
et al., 2021), as described in Table 1.

Table 1. Classification of fluorescent particles and thresholds for defining bacteria-
like, fungi-like, and pollen-like particles.

FL1 FL2 Bacteria-like Fungi-like Pollen-like

Ex: 280 nm Ex: 280 nm Size range 0.5-1.9 ym 2.0-10 um 1.2-10 um
Em: 310-400 nm Em: 420-650 nm

A Type A contrib. 91% 80% 6%

Type B contrib. 4%
) contrib. 6%
Type AB contrib. 9% 15%
< contrib.
Ex: gg‘g hm Type BC contrib. 34%
Em: 420-650 nm contrib. 5% 50%

Based on the measured diameter (Dp, um) for each particle from the laser channel, we
calculated the particle mass based on the assumed sphericity and density of 1.67 g/cm3
(Hu et al., 2012; Pitz et al., 2008). Further, for each particle type, we aggregated particles
into five size bins according to Dp: 0.5-1.0, 1.0-2.5, 2.5-5, 5-10, and 10-20 pm. The



number and mass concentrations ( N>, #/m3 and M, ug/m3) of ith size bin for a

certain particle type can be calculated in Eq. (1) and (2), respectively.

Citype
Ey”e=—Q_T (1)
6, 2 NG (pwe)?
MEYP6:1.67X10 i Zj (Dp,j ) (2)

6-Q-T
where, D;‘f"f is the diameter of the jt particle among the total counts (C”®) in jth
size bin for a certain particle type during the sampling period (T, s). Q isthe sampling

flow rate in cm3/s, and here for WIBS, Q is 5 cm3/s. In this paper, we report the total

PM, non-FBAP, FBAP, and seven subtypes of FBAP in mass concentrations that follow the
unit in exposure standards for general aerosols (ASHRAE, 2016; World Health
Organization, 2021) and report bacteria-like, fungi-like, and pollen-like particles in
number concentrations to compare with bioaerosol studies with other methods. Besides,
both number and mass concentrations of lumped and size-resolved particles in all the
types are available in the Dryad repository (Li, 2022).

To better understand the indoor and outdoor relationship of aerosols, we calculated
the indoor upon outdoor ratio (I/O ratio) of the mass and number concentrations
according to the particle type on an hourly basis. Besides, based on mass balance
modelling of aerosols, we further estimated the contributions of indoor and outdoor
sources to indoor particle concentrations. For each size bin and particle type, the mass
balanced model can be written as Eq. (3) or (4):

dim Ype gtme 3
inji type type type type type type M, i
dt - aHVAC I:)HVAC,i'\/Iout,i +ashellpshell,iMout,i _(a+ ki ) I\/Iin,i + ( )
dNe v 4)
inji type type type type type type Al
dt - aHVAC PHVAC,i Nout,i + a'shell Pshell,i Nout,i - (a + I(i ) Nin,i + V

where, the subscripts in and out denote the indoor and outdoor environment. .
(1/h) and ag,, (1/h) are the portions of the total air exchange rate (a, 1/h) that

contributed by the HVAC system and through building envelopes, respectively. P,



and P, are the penetration rates of particles in it size bin through the HVAC system

type
i

and the building envelope, respectively. k’™ isthe composite deposition rate of the type

of particles ith size bin in 1/h, which at least consist of two processes: deposition to

interior surfaces and ventilation system. Sp* and SP% are the indoor aerosol

generation rate of the type of particles in ith size bin in pg/h and #/s, respectively. By
integrating the indoor and outdoor concentrations over a sufficient period, we can solve
Eq. (3) and (4) with the steady-state assumption:

type type type type
M type __ (aHVAC PHVAC,i +ashe|l Pshell,i ) M out,i n SM Ji
ark™ V{a+k'™) (5)
— type type |, Qtype
- Infi 'Mout,i + SM,i
type type type type
N type __ (aHVAC F)HVAC,i +ashe|l I:)shell,i ) Nout,i SN,i
a+k” V{a+k™) (6)

= Inf, e . NUPE 4 SR

out,i

where, for the type of particle in ith size bin, |nfitype (unitless) is the infiltration factor

and S}}pf (ng/m3) and §}j",e (#/m3) are the source terms, which determine the

contribution of outdoor and indoor sources to indoor particle concentrations,
respectively. In this study, we integrated the indoor and outdoor concentrations during
the HVAC was on and off for each day, respectively. Size- and type- resolved infiltration
factors during the HVAC on and off can be obtained based on regression analysis,
respectively. It is worth noting that, before the integration, with a similar approach as
previous studies (Bi et al., 2021; Chan et al., 2018; MacNeill et al., 2012; Wu et al., 2012), we
removed the data during the period with strong indoor sources to have a stronger
correlation between indoors and outdoors. At last, for each type of particle, the

contribution of indoor and outdoor sources ( contrin®® and contr.out™ ) to indoor

particle concentrations can be calculated as Eq. (7) and (8).
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> M
=1 Vi,
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contr.out®™® =

2.3 Quality control

The two WIBS units were calibrated by the manufacturer annually via auto-
fluorescent monodisperse polystyrene latex. We further checked the performance via a
side-by-side comparison in both indoor and outdoor environments with two optical
particle sizes (3330, TSI, USA). After the calibration, the results from OPS and WIBS
showed relatively high consistency. As shown in Figure S5, for each size bin, the coefficient
of the linear regression between the number concentrations measured by OPS and WIBS
were within 0.9 to 1.1, and the values of R? are higher than 0.93.. To further balance out
the effect of the sampling device on the indoor and outdoor relationships, we swapped
the two WIBS units every week to make both units measure indoors and outdoors
alternatively.

3 RESULTS AND DISCUSSION

3.1 Characteristics of outdoor airborne particles

Outdoors, there were more airborne particles during nights than days. As shown in
Figure 1(a), median [interquartile range, IQR] mass concentrations of both FBAP and non-
FBAP during daytime were 3.5 [3.1-4.2] ug/m3 and 3.9 [3.3-5.2] ug/m3, and those during
nighttime were 6.7 [6.0-7.9] ug/m3 and 5.3 [4.1-6.0] pg/m3, which resulted in daytime
and nighttime PM levels of 7.6 [6.5-9.5] ug/m3 and 12.0 [9.7-14.0] pg/m3, respectively.
All FBAP subtypes also showed significantly higher mass concentrations during nighttime
than daytime (Figure S6) with the p-values < 0.001 after non-parametric Mann-Whitney
U tests (Table S1), among which, ABC and AC had the highest and lowest mass
concentrations of 3.4 [2.6-3.5] pg/m3 and 0.1 [0.1-0.1] pg/m3. In Figure 1(d), bacteria-
like, fungi-like, and pollen-like particles also showed higher concentrations of 119.4
[82.0-148.1] #/m3, 1.3 [0.9-1.5] #/m?3, and 51.6 [41.0-59.6] #/m3 during nighttime than
those of 102.0 [77.8-114.3] #/m3, 0.8 [0.6-0.9] #/m3, and 26.3 [21.8-30.1] #/m?3 during
daytime. The hourly trends of mass concentrations in Figure 1(b) indicate that PM and



FBAP levels decreased during daytime and increased during nighttime, and non-FBAP
levels were relatively stable across the hours in the day. At 6:00, both FBAP and non-FBAP
reached their diurnal peaks at the mass concentration of 8.2 [5.8-9.9] ug/m3 and 5.9 [4.2-
7.2] pg/ms3, respectively, which resulted in the peak value of PM at 13.8 [10.5-16.9] pg/m3.
From Figure 1(e), the concentration of pollen-like particles showed a similar trend as that
of FBAP, which peaked at 6:00, whilst the levels of bacterial-like and fungi-like particles
only starts decreasing after 9:00. In a previous study in Singapore (Ong, 2005), two of the
three dominant types of fungal spores, Didymosphaeria spp. and “kuaci”(Self-named),
showed a similar diurnal as this study. Even though some less prevalent species showed
the opposite trend, the diurnal trend of the total amount of fungal spores in Singapore is
similar to this study.
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Figure 1. Diurnal trends of outdoor airborne particles within 0.5-20 pm. a) & b)
mass concentrations of PM, non-FBAPs, and FBAPs, d) & e) number concentrations of
bacteria-like, fungi-like, and pollen-like particles, and f) & g) PM compositions in
different periods of the day and on an hourly basis, respectively. c) ratios of nighttime
particle concentrations upon those of daytime for different types of particles. The boxes
and ribbons in different colors are the IQR of different types of particles. Lines in the
boxes and ribbons show the median value, and rhombus dots in the boxes show the
mean. Whiskers of the box start from the upper and lower limits of the box and end at
1.5 times the IQR or at the maximum and minimum values if they reach first. If whiskers
end at 1.5 times the IQR, the round dots are plotted as the outliers.



As shown by the daily ratio between the average concentrations during nighttime and
daytime (N/D ratio) in Figure 1(c), the FBAP and non-FBAP levels at night were 1.8 [1.4-
2.2] and 1.2 [0.9-1.4] times higher than those in the daytime, which resulted in the
nighttime PM level was 1.4 [1.2-1.8] times higher than daytime. All FBAP subtypes also
showed higher mass concentrations during nighttime than daytime, and type ABC and B
had the largest and smallest diurnal variations. N/D ratios of bacteria-like, fungi-like, and
pollen-like particles were 1.2 [0.9-1.6], 1.6 [1.0-1.9], and 1.9 [1.4-2.2], respectively. The
characteristics of size-resolved particles are plotted in the Supporting Information. The
size distributions of each particle were similar during the daytime and nighttime, as
shown in Figure S7, and FBAPs and non-FBAPs were dominated by those particles in the
size bins of 1-2.5 pm and 2.5-5 pm, respectively. From Figure S8, the geometric mean of
the different particles outdoors was relatively stable across hours. From size-resolved
results in Figure S9, for all five size ranges, N/D ratios of FBAP were always higher than
those of non-FBAP: 0.5-1 um: 1.4 [1.2-1.8] vs. 1.2 [1.0-1.4]; 1-2.5 um: 1.4 [1.3-1.8] vs. 1.1
[0.9-1.4]; 2.5-5 um: 1.6 [1.2-2.0] vs. 1.4 [0.9-1.6]; 5-10 pm: 1.9 [1.5-2.8] vs. 1.6 [1.1-2.0];
and 10-20 pum: 2.0 [1.3-3.6] vs. 1.7 [1.0-5.3]. If we sum up the first two size bins for PM
concentrations from 0.5 pm to 2.5 um, our results are similar to the previous study of
global diurnal trends of PM2s (Manning et al., 2018), detailed in Figure S10.

The nighttime levels of different airborne particles were higher than daytime but to
different degrees, which resulted in different PM compositions during the daytime and
nighttime. As shown in Figure 1(f), within the size range of 0.5-20 pum, FBAP accounted
for 45% and 56% of PM during daytime and nighttime by mass, respectively. From the
hourly variation of PM composition in Figure 1(g), the mass proportion of the FBAP
fraction was at the lowest at 39% at 13:00 (the solar noon hour in Singapore). Then, the
fraction increased to a relatively stable night value of 57%+2% from 23:00 till 6:00. After
which, the FBAP fraction started to decrease again. FBAPs accounted for more than half
of the aerosols from 21:00 to the next day at 9:00. From the proportions of different
particles in PM in each size bin (Figure S11), the contribution of FBAPs to PM increased
with the size, and FBAPs started to dominate from 2.5-5 um. Besides, in Figure S12, the
correlation coefficients between FBAP and PM are much higher than those between non-
FBAP and PM, which means that FBAP could influence the dynamics of total PM
concentration more than non-FBAP.

[f the diurnal variation of the atmospheric mixed boundary layer thickness causes the
changing of aerosol concentrations (Manning et al., 2018), it should show similar trends
between non-FBAP and FBAP. However, the variation FBAP is much stronger than non-
FBAP, which means other factors, such as temperature and RH that impact the different
types of particles differently, need to be considered. We further examined the correlations
between different aerosols and meteorological parameters from the nearest three
weather stations, as shown in Figure S13. We found that the FBAP level was negatively
correlated with temperature (Spearman’s p, p hereafter, = -0.5) and positively correlated
with RH (p = 0.5~0.6), while non-FBAP did not show the correlations with temperature
(p =-0.1) and RH (p = 0.1~0.2). Within the FBAP, those correlations were dominated by
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types A, AB, AC, and ABC, while types B and C did not show similar correlations. The
concentrations of particles within 2.5-5 um showed the highest correlations with
temperature and RH, and smaller and larger particles were less correlated with the
meteorological conditions. Hence, temperature and RH could be reasons for the diurnal
variation FBAPs but not for non-FBAP.

3.2 Characteristics of indoor airborne particles

Compared to outdoors, indoors had lower airborne particle levels in general. Within
the measuring range of 0.5-20 pm, mass concentrations of PM, FBAPs, and non-FBAPs
were 2.8 [2.5-3.2] pg/m3, 2.4 [2.1-2.8] pg/m3, and 0.4 [0.2-0.5] pg/m3, respectively, as
shown in Figure 2(a). When the office was occupied, the FBAP mass concentration of 4.9
[4.2-5.5] pg/m3 was much higher than that of 0.3 [0.2-0.4] pug/m3 during the unoccupied
period. Similarly, in Figure 2(d), bacteria-like, fungi-like, and pollen-like particles also
showed a higher concentration of 48.3 [33.5-64.1] #/m3, 0.8 [0.6-0.9] #/m3, and 11.4
[9.5-13.3] #/m3 during occupied periods than those of 32.5 [21.6-47.2] #/m3, 0.1 [0.1-
0.2] #/m3, and 1.5 [1.2-2.1] #/m3 during unoccupied periods. Besides the concentration,
occupancy also dramatically shifted size distributions of FBAPs (Figure S7). When the
room was unoccupied, the FBAPs within 2.5-5 pm dominated the indoor mass
concentrations, which was similar to outdoors. However, when the room was occupied,
the FBAP concentration increased monotonically along with the size. In contrast, non-
FBAP showed similar concentration levels (Figure 2(a)) and monotonically decreasing
size distributions (Figure S7) during both unoccupied and occupied periods. When the
room was occupied, as shown in Figure 2(f), FBAPs accounted for 87% of PM, while when
it was unoccupied, the indoor FBAP proportion in PM was 47% which is similar to the
percentage outdoors.
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Figure 2. Diurnal trends of indoor airborne particles. a) mass concentrations & b)
relative mass concentrations of PM, non-FBAPs, and FBAPs, d) & e) number
concentrations of bacteria-like, fungi-like, and pollen-like particles, and f) & g) PM
compositions within 0.5-20 pum in different periods or at different times of the day. c)
relative mass concentration of PM, non-FBAPs, and FBAPs and h) PM compositions
within 0.5-1 pm at different times of the day.

The lumped level of indoor FBAPs within 0.5-20 um was driven by the variation of
occupancy levels. From the relative mass concentration which was normalized by the
daily average concentration for each particle type in Figure 2(b), the indoor mass
concentration of FBAPs shot up at 9:00 when people arrived and remained at a relatively
stable level till 18:00 when people started to gradually leave the room. From the size-
resolved normalized particle concentrations in Figure S14, except the smallest one of 0.5-
1 um (to be detailed separately later), all other size ranges (2.5-5 um, 5-10 um, and 10-
20 um) showed similar trends as the integrated one in Figure 2(b). The trends of fungi-
like and pollen-like particles with larger sizes are similar to that of FBAPs, as shown in
Figure 2(e). In contrast, the non-FBAPs showed a much milder increase when occupants
arrived than FBAPs, which caused FBAPs to dominate PM during the occupied period.
These inconsistent variations of FBAPs and non-FBAPs caused large changes in the PM
compositions throughout the day. In Figure 2(g), the lowest and the highest FBAP
proportions were 34% in PM at 6:00 and 94% at 17:00. The correlations between
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different particle levels and indoor levels of temperature, RH, and CO2 were shown in
Figure S15. The CO:z concentration, as an indicator of occupancy, showed positive
correlations with the total concentrations of all types of particles (p = 0.5 ~ 0.7), and the
occupancy showed the similar positive correlations but with lower coefficients. This
further supported our hypothesis that the occupancy levels strongly influenced the indoor
particle level.

We next observed a situation where indoor FBAP levels, in particular the smallest size
bin (0.5-1 um) and bacteria-like particles, increased before the occupants arrived. The
increase in concentrations started at 6:00 when the HVAC system began to operate. As
shown in Figure 2(c), the levels peaked at 8:00 where the normalized concentration is 1.5
[1.2-1.8]. The FBAP concentration in this size bin only reduced down to the daily average
at noontime. Concurrently, the proportion of FBAPs in PM in this size bin peaked at 8:00
and reduced down to the daily average at noon. In the second size bin (1-2.5 um) shown
in Figure S14, though we didn’t see a similar increase of FBAPs after the HVAC system
started running, the sudden decrease of non-FBAPs caused the proportion of the FBAP
proportion in PM also peaked at 8:00. Similarly, the concentration of bacteria-like
particles in Figure 2(e) increased after the operation of the HVAC system and peaked at
9:00 with a concentration of 73.2 [46.3-107.1] #/m3. These indicated that the HVAC
system of the building was a temporary source of indoor fine FBAPs when it started
running. We speculated that, after the HVAC system was turned off at 20:00, the ductwork
and coils became reservoirs for bioaerosols to multiply overnight (Acerbi et al., 2017; Wu
et al., 2016; Zuraimi, 2010; Zuraimi et al., 2012). When the system began operating the
following morning, the mechanical vibration and airflow dislodged the settled aerosols
into the indoor environment. Due to the fact that outdoor air was treated with MERV13
filters, most of the larger FBAPs, like fungi and pollens, were prevented from entering the
HVAC system and accumulating in ductwork and on coils. Indeed, we didn’t observe any
spikes in coarse FBAPs concentration levels when the HVAC system started running.
Elsewhere, a Hong Kong study also observed the peak of bioaerosols when the HVAC
system started running (Law et al., 2001).

3.3 Indoor and outdoor relationships of airborne particles

In Figure 3(a), FBAPs showed a much higher indoor upon outdoor (I/0) ratio of 0.46
[0.40-0.66] than non-FBAPs 0.09 [0.08-0.11] throughout the day, which resulted in the
ratio of 0.31 [0.24-0.38] for PM. However, the indoor and outdoor relationships greatly
varied in different periods of the day. During the unoccupied period, the 1/0 ratios of
FBAPs and non-FBAPs were similar (0.06 [0.04-0.07] vs. 0.07 [0.06-0.10]). In contrast,
when the room was occupied, the /0 ratio of FBAP showed a much higher 1/0 ratio of
1.54 [1.16-1.77], which drove the ratio of PM to reach 0.81 [0.59-0.94], but that of non-
FBAP showed a much milder increase compared with unoccupied periods. Bacteria-like,
fungi-like, and pollen-like particles also showed a higher 1/0 ratio during the occupied
period, as shown in Figure 3(c), and pollen-like particles had the lowest I/0 ratio among
the three.
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Figure 3. Indoor and outdoor relationship of a) & b) PM, non-FBAPs, and FBAPs and
c) & d) bacteria-like, fungi-like, and pollen-like particles in different periods and at
different times of the day.

The diurnal trends of the I/0 ratio of PM and FBAPs were dominated by those of
indoor concentrations. From the diurnal trends in Figure 3(b), I/O ratios PM and FBAPs
dramatically increased when people arrived at the office around 9:00 and kept at
relatively stable levels until 18:00 when most people left the office. In Figure 3(d), I/0
ratios of fungi-like and pollen-like particles showed a similar trend with FBAP, whilst that
of bacteria-like particles increased when the HVAC started operation. The fungi-like and
pollen-like particles showed interesting but counterintuitive associations with occupancy.
It means that, in the office building with a relatively high-efficiency air filtration system,
fungi and pollen may hardly enter the space from outdoors but be brought in by people.
Especially for fungi-like particles with the highest I/0 ratio during the occupied period, a
large amount of those particles in indoor air be sourced from human-induced
resuspension from the carpet which serves as a reservoir of fungi (Dannemiller et al., 2017;
Haines et al., 2020; Lewis et al., 2018; Wu et al., 2018).

Among FBAP subtypes shown in Figure S16, type ABC and AB had much higher 1/0
ratios during the occupied periods than those of other types, while type C showed the
lowest 1/0 ratio of the particle concentration. The 1/0 ratio of size-resolved particle
concentrations were shown in Figure S17. During the unoccupied period for all types of
particles, the I/0 ratios decayed monotonically with the increase of particle sizes because
larger particles are harder to penetrate indoors (Chen and Zhao, 2011). However, during
the occupied period, the I/0 ratio showed an increasing trend along with the particle size,
which indicated that indoors generated larger particles. This indicated that occupancy, or
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occupant-related activity, generated much more FBAP than non-FBAP and larger particles
than smaller ones, which was aligned with quantified per-person emission rates of
different types of particles in the previous chamber and field studies (Li et al., 2020; Tian
et al., 2018; Yang et al., 2020; Zhou et al., 2017).

Based on the estimated two infiltration factors when the HVAC was on and off for each
type of particle (Figure S18), we summarized contributions of indoor and outdoor
aerosols to indoor particle concentration on an hourly basis in Figure 4. During most
times of the day, the indoor environment contributed more aerosols to indoor sources
than outdoors. Especially during the occupied period, the indoor contributions of PM,
non-FBAPs, FBAPs, bacteria-like particles, fungi-like particles, and pollen-like particles to
indoors were 93%, 67%, 97%, 61%, 97%, and 95% on average, respectively. After the
HVAC system shut down at 20:00, the office was partially occupied with few people
working overtime, and the contributions of indoor sources started to increase until the
room was fully empty around 23:00. Especially for bacteria-like particles, the indoor
contribution reached 83.3% which was the highest throughout the day. From midnight,
the contribution of outdoor sources started to increase until the morning the next day
when the room was occupied again. During the unoccupied period, the contributions of
indoor sources of PM, non-FBAPs, and FBAPs decreased to a very similar level around
54%. From size-resolved indoor and outdoor contributions of indoor aerosols in Figure
S19, the indoor contributions of indoor aerosols increased with the particle size during
the occupied period, and for particles larger than 5 pm, nearly all the FBAPs were from
indoor sources. In contrast, during the unoccupied period, the contributions of different
sources to indoor aerosols were similar across size ranges. It is worth noting that the
estimated contributions of different sources only based on indoor and outdoor
concentrations can give us a coarse estimation during the day but cannot provide a
detailed classification of the real origin of the particle. For example, the increase and
indoor concentrations of FBAPs when the HVAC systems started running did not associate
with a concurrent increase of outdoor concentration, so the contribution of that increase
was classified as indoor.
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3.4 Limitations

This study has several limitations. First, though WIBS provides size-resolved dynamic
results of aerosols with a high temporal resolution, we still currently lack sufficient
understanding of the relationship between the measured FBAPs and bioaerosols.
Recently researchers have tried various strategies to map the fluorescent signals from
three channels with different species; more details are given in the Supporting
Information. Though those studies showed the potential of mapping different FBAPs to
different microorganism species in a chamber study (Hernandez et al., 2016), there is still
a lack of a consensus on the understanding of FBAPs in the field measurement. In the
chamber study, the separately released species showed differentiable fluorescent signals
among each other, whilst different types of particles may coagulate together in fields. If a
non-FBAP and a FBAP coagulated together, WIBS will tend to report it as FBAP. If three
particles in types A, B, and C coagulated together or attached to form one large particle,
the instrument will flag it as a Type ABC particle. To retain the potential of further
understanding FBAPs, we will upload all the measured raw data in the Dryad database (L1,
2022).

Secondly, this study has the limitation of a single sampling site. Though the patterns
of bioaerosols at different sampling locations in the tropics were similar (Gusareva et al.,
2019), those findings may not be directly applicable to other climates or areas with high
anthropogenic emissions. Besides, indoor diurnal trends may vary based on the function
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of the building, the ventilation type, and occupancy. The diurnal trend of indoor particle
levels in this study only can be representative of similar types of office buildings.

Third, the regression-based indoor and outdoor aerosol modeling to estimate the
contributions of different sources was limited by the steady-state assumption. As an
example, we can see a constantly decreasing indoor aerosol level during the nighttime,
which means the steady state has not been fully reached. However, we mitigate this by
using the averaged aerosol concentrations during two relatively long periods when the
HVAC on and off in the regression model. Besides, similar to the study (Wu et al., 2012),
we used the regression method to model the indoor and outdoor particle relationship, the
low R? in the regressions for coarse particles limited the accuracy of the estimation.

3.5 Implications and future outlook

Human exposure to bioaerosols is related to the risk of infection and allergy. Diurnal
trend information on indoor and outdoor levels of bioaerosols can guide people,
especially the susceptible ones, to avoid the relatively high-level periods so that they can
lower their daily bioaerosols exposure. The outdoor trends of FBAPs indicated that people
could mitigate bioaerosols exposure by reducing outdoor time at night. For example, we
would suggest people shift some nighttime outdoor exercises to the daytime when
possible. Naturally ventilated buildings, that usually do not have a filtration system,
should have open windows after 9:00 to reduce the exposure to outdoor bioaerosols,
unfortunately this is also the time with the highest outdoor temperatures and therefore
not convenient in tropical climates. However, we don’t have much information about the
exposure risks of FBAPs regarding health impact, which need to study further.

Those indoor diurnal trends also can be used to design intervention strategies to
lower bioaerosol exposure in commercial buildings. We could consider shifting the
turning on of the HVAC fan earlier to avoid occupants exposing to the morning peak of
fine bioaerosols or redesign the HVAC with the function of expelling the overnight
accumulated bioaerosols outdoors before sending the air indoors. The indoor and
outdoor relationships revealed that the bioaerosols were more from indoors than
outdoors for this type of office buildings with a high-efficiency filtration system in the
HVAC system. The HVAC successfully reduced the contributions of outdoor sources to
indoors but didn’t control the indoor sources well. Compared to this dilution-based
centralized method of ventilation for controlling indoor sources, we could further
consider adding localized solutions, such as portable air cleaners or local exhaust, which
are targeted to those indoor sources to further lowering down the indoor aerosol levels.

4 CONCLUSIONS

In this study, with the real-time instruments for measuring size-resolved bioaerosols,
we provided diurnal trends and relationships of indoor and outdoor FBAPs and non-
FBAPs, which not only contribute to the understanding of bioaerosol dynamics in the
tropics but also provide instructive meaning for lowering bioaerosol exposure. The main
findings are summarized as follows:
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1. Outdoors, there were more airborne particles during nights than days. Nighttime
concentrations of FBAP and non-FBAP were 6.7 [6.0-7.9] ug/m?3 and 5.3 [4.1-6.0]

pg/m3, which were 1.8 [1.4-2.2] and 1.2 [0.9-1.4] higher than those of 3.5 [3.1-4.2]
pg/m3 and 3.9 [3.3-5.2] pg/m?3 during the daytime, respectively.

2. Outdoor FBAP concentrations decreased during daytime and increased during
nighttime, and non-FBAP concentrations were relatively stable across the hours in
the day. At 6:00, FBAP reached their diurnal peaks at the mass concentration of 8.2
[5.8-9.9] pg/m3. FBAP accounted for 45% and 56% of PM during daytime and
nighttime by mass, respectively. The proportion of the FBAP fraction in PM was at
the lowest at 39% at 13:00 around the local solar noon hour.

3. Indoors, the lumped mass concentration of FBAPs within 0.5-20 um was highly
associated with occupancy. When the office was occupied, the indoor FBAP mass
concentration of 4.9 [4.2-5.5] pg/m3 was much higher than that of 0.3 [0.2-0.4]
pg/m3 during the unoccupied period.

4. The HVAC system of the building was a temporary source of indoor fine FBAPs
when it started running. The concentrations of indoor fine FBAPs and bacteria-like

particles increased when the HVAC started operating around 6:00 and peaked
around 8:00.

5. Indoor airborne particles were more contributed by indoor sources than outdoor
sources. Based on regression modeling, the contributions of indoor PM, non-FBAP,
FBAP, bacteria-like particle, fungi-like particle, and pollen-like particle sources to
indoor mass concentrations were estimated to be 93%, 67%, 97%, 61%, 97%, and
95% during the occupied period.

5 SUPPORTING INFORMATION

Supporting information and additional figures and tables as described in the text can
be found can be found online at https://doi.org/10.1016/j.scitotenv.2022.157811, which
includes:

Figure S1. The building (CREATE Tower) for the indoor and outdoor bioaerosol
sampling and its location in Singapore. The image of building is from
www.dpa.com.sg/projects/createatnus/. The location map is from Google Maps.

Figure S2. Meteorological conditions. The outdoor temperature and relative
humidity were based on the nearest three available stations: S50 (1.3337, 103.7768),
S116 (1.281, 103.754), and S111 (1.31055, 103.8365), and the wind rose was based on
the nearest available station S50. The indoor temperature and RH were measured by
HOBO CO2 MX1102 on the office desk.

Figure S3. Indoor and outdoor sampling location of wideband integrated bioaerosol
sensors (WIBSs).

Figure S4. Summary of the indoor COz concentration and occupancy profiles of the

experimental days (weekdays).

Figure S5. Linear regressions between the number concentrations measured by the
WIBS and OPS.

Figure S6. Mass concentrations of different types of particles within 0.5-20 um.
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Figure S7. Size-resolved mass concentrations of different types of particles.

Figure S8. The diurnal trend of the size of aerosols.

Figure S9. Size-resolved mass concentrations and the ratio of the concentrations
during nighttime upon daytime in outdoors

Figure $10. The comparison between the global diurnal trend of PM2.5 (Manning et
al., 2018) and the PM within 0.5 to 2.5 pm.

Figure S11. Size-resolved indoor and outdoor PM compositions during different
periods of the day.

Figure S12. Spearman’s rank-order correlations between mass/number
concentrations of all the particle types in outdoor and indoor environments.

Figure S13. Correlations between outdoor mass concentrations of all size ranges and
particle types and meteorological conditions.

Figure S14. Diurnal trends of indoor airborne particles within the size ranges of 1-
2.5,2.5-5,5-10, and 10-20 pm.

Figure S15. Correlations between indoor mass concentrations of all size ranges and
particle types and indoor temperature, RH, and CO2.

Figure S16. Indoor and outdoor relationship of subtypes of FBAPs

Figure S17. Size-resolved 1/0 ratios of all types of aerosols.

Figure S18. Size-resolved infiltration factors for PM, non-FBAPs, and FBAPs.

Figure S19. Size-resolved contributions of indoor and outdoor sources to indoor
particle concentrations.

Table S1. The outdoor mass concentrations of PM, non-FBAP, FBAP, A, B, C, AB, AC,
BC, and ABC particles and the significant levels of the difference between those in the
daytime and nighttime.

Table S2. The outdoor number concentrations of bacteria-like, fungi-like, and pollen-
like particles and the significant levels of the differences between those in the daytime
and nighttime.

Table S3. The indoor mass concentrations of PM, non-FBAP, FBAP, A, B, C, AB, AC, BC,
and ABC particles and the significant levels of the difference between those in the daytime
and nighttime.

Table S4. The indoor number concentrations of bacteria-like, fungi-like, and pollen-
like particles and the significant levels of the differences between those in the daytime
and nighttime.
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