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Abstract

Concurrent indoor and outdoor measurements of fine particulate matter (PM2.5) were conducted at

three retirement homes in the Los Angeles Basin during two separate phases (cold and warm)

between 2005 and 2006. Indoor-to-outdoor relationships of PM2.5 chemical constituents were

determined and sources of indoor and outdoor PM2.5 were evaluated using a molecular marker-

based chemical mass balance (MM-CMB) model. Indoor levels of elemental carbon (EC) along

with metals and trace elements were found to be significantly affected by outdoor sources. EC, in

particular, displayed very high indoor-to-outdoor (I/O) mass ratios accompanied by strong I/O

correlations, illustrating the significant impact of outdoor sources on indoor levels of EC.

Similarly, indoor levels of polycyclic aromatic hydrocarbons (PAHs), hopanes, and steranes were

strongly correlated with their outdoor components and displayed I/O ratios close to unity. On the

other hand, concentrations of n-alkanes and organic acids inside the retirement communities were

dominated by indoor sources (e.g. food cooking and consumer products), as indicated by their I/O

ratios, which exceeded unity. Source apportionment results revealed that vehicular emissions were

the major contributor to both indoor and outdoor PM2.5, accounting for 39 and 46% of total mass,

respectively. Moreover, the contribution of vehicular sources to indoor levels was generally

comparable to its corresponding outdoor estimate. Other water-insoluble organic matter (other

WIOM), which accounts for emissions from uncharacterized primary biogenic sources, displayed
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a wider range of contributions, varying from 2 to 73% of PM2.5, across all sites and phases of the

study. Lastly, higher indoor than outdoor contribution of other water-soluble organic matter (other

WSOM) was evident at some of the sites, suggesting the production of secondary aerosols as well

as direct emissions from primary sources (including cleaning or other consumer products) at the

indoor environments.

Keywords

PM2.5; Indoor air; Indoor-outdoor ratio; Source apportionment; Molecular marker-based chemical
mass balance model; Los Angeles Basin

1. Introduction

Over the past decades, numerous epidemiological studies have reported consistent

associations between exposure to particulate matter (PM) and a variety of adverse acute/

chronic health effects including cardiovascular diseases (Brook et al., 2010), respiratory

outcomes (Eisner et al., 2010; Holguin, 2008), and increased risk of adverse birth outcomes

(Nieuwenhuijsen et al., 2013). The majority of outdoor air pollution studies largely relied on

ambient air monitoring data from central sites located far from human subjects.

Accordingly, air quality standards have been established for ambient environments, despite

the fact that a large portion of human exposure to PM occurs indoors, where people spend

most of their time (Jenkins et al., 1992; Klepeis et al., 2001). Considering the larger

exposure time in different indoor micro-environments, the health effects of indoor air

pollution of both indoor and outdoor origin is of considerable interest. Therefore,

understanding the composition, behavior and sources of indoor PM and its relation to

outdoor-generated PM are essential for personal exposure assessment.

In an occupied residential building, PM is emitted from several primary sources (such as

cooking, sweeping, and other human activities), but could also be formed through the

reactions of gas-phase precursors emitted both indoors and outdoors (i.e., secondary

sources). Indoor PM concentrations are further affected by outdoor-generated PM

penetrating indoors through convective flows (e.g. open doors and windows) or diffusional

flows/infiltration (e.g. cracks and fissures) (Thatcher and Layton, 1995). Penetration of

particles through the building cracks strongly depends on their size (Liu and Nazaroff, 2003;

Rim et al., 2010). The results of a study conducted by Long et al. (2001) in 9 non-smoking

homes of Boston, showed that ultrafine particles (UFP, particles with an aerodynamic

diameter smaller than 0.1 μm) and coarse particles (PM2.5-10, particles with an aerodynamic

diameter between 2.5 and 10 μm) have lower penetration efficiency compared to fine

particles (PM2.5, particles with an aerodynamic diameter smaller than 2.5 μm). With the

presence of indoor sources, indoor PM concentrations are often higher than their

corresponding outdoor levels (Weschler and Shields, 1997). Their physical and chemical

composition might also be significantly different (Lunden et al., 2003; Sarnat et al., 2006).

Moreover, several epidemiological studies have demonstrated that exposure to indoor PM of

outdoor origin is more deleterious compared with exposure to particles emitted indoors

(Ebelt et al., 2005; Koenig et al., 2005) or exposure to the overall concentration of indoor

PM (Delfino et al., 2008). Therefore, it is important to distinguish indoor from outdoor
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sources of PM in indoor environments, as this information is vital for both health risk

assessment and proper regulatory guidelines for PM.

Only a few previous studies have attempted to estimate the contribution of specific sources

to indoor PM using source apportionment techniques, including Positive Matrix

Factorization (PMF) (Hopke et al., 2003; Larson et al., 2004; Minguillón et al., 2012; Ogulei

et al., 2006), Chemical Mass Balance (CMB) model (Arhami et al., 2010; Kopperud et al.,

2004), and Principal Component Analysis (PCA) (Koistinen et al., 2004).

The present study was carried out at three retirement homes in the Los Angeles Basin

(LAB), as part of the Cardiovascular Health and Air Pollution Study (CHAPS), a cohort

panel study investigating the health effects of micro-environmental exposure to PM on

elderly retirees with a history of coronary artery disease (Delfino et al., 2009; Delfino et al,

2010). The objectives of the work presented in this paper are to: a) investigate the indoor/

outdoor relationships of PM2.5 chemical constituents, b) identify major sources of fine PM

in both indoor and outdoor environments, and c) quantify the contribution of each source to

PM2.5 mass using an MM-CMB model.

2. Methodology

2.1. Sampling sites and periods

PM measurements were conducted at three retirement homes in the Los Angeles Basin

(LAB), all located in the San Gabriel Valley, California. Site San Gabriel 1 (G1) was

approximately 50 km east of Los Angeles, 3 km away from the nearest major freeway,

located in a residential area. Site San Gabriel 2 (G2) was situated 8 km east of downtown

Los Angeles, about 300 m south of a major freeway. Site San Gabriel 3 (G3) was located 55

km east of downtown Los Angeles, 2.5 and 0.15 km away from 2 busy freeways and a major

street, respectively.

At each site, two identical sampling stations were set up, with each being located either

indoors or outdoors. At G1, the indoor station was located in a recreational area of the

community’s main building. The indoor sampling station at G2 was set up in the dining

room of the community’s central building, while at G3 the indoor station was close to a gym

and an activity room, located in the recreational area of the main community complex. All

monitored homes prohibited smoking in these indoor environments. The outdoor sampling

stations at all sites were set up in movable trailers, positioned about 300 m away from the

indoor stations (Polidori et al., 2007).

Concurrent indoor and outdoor PM sampling was conducted at each site, during two

separate phases between 2005 and 2006: warm phase (P1), including summer and early fall,

and cold phase (P2), including late fall and winter. In each phase, 6 weeks of sampling were

conducted at each location.

2.2. Instrumentation and chemical analysis

Size-segregated PM samples were collected daily (24-hour time-integrated) from Monday to

Friday, using Sioutas Personal Cascade Impactor Samplers (Sioutas PCIS, SKC Inc., Eighty
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Four, PA, USA), operating at 9 lpm (Misra et al., 2002). Each PCIS was loaded with Zefluor

filters (3 μm pore-size, Pall Life Sciences, Ann Arbor, Michigan, USA) and particles were

collected in three size ranges, namely coarse (2.5 μm <dp<10 μm), accumulation (0.25 μm <

dp < 2.5 μm), and quasi-ultrafine (dp<0.25 μm). The present study focuses only on fine PM

(PM2.5), for which data from the accumulation (PM0.25-2.5) and quasi-ultrafine (PM0.25) PM

modes were combined to derive PM2.5 concentrations. The PM mass concentrations were

determined by pre- and post-weighting the Zefluor filters using a microbalance (Mettler

Toledo Inc., Columbus, OH, USA), after equilibration under controlled laboratory

conditions (temperature of 22–24 °C and relative humidity of 40–50%). A detailed

description of the chemical analysis conducted on the Zefluor filters has been previously

presented by Arhami et al. (2010). Briefly, filters were composited weekly (including 5

daily samples) and 92 different organic compounds were quantified by means of gas

chromatography/mass spectrometry (GC/MS) (Stone et al., 2008). To measure the

concentration of trace elements, sections of weekly-composited sample filters were

microwave digested in an acid mixture (containing HNO3, HF and HCl) in Teflon vessels

and digestates were then analyzed by high resolution magnetic sector Inductively Coupled

Plasma Mass Spectrometry (SF-ICPMS, Thermo-Finnigan Element 2) (Herner et al., 2006).

Water-soluble organic carbon (WSOC) was quantified using a Sievers Total Organic Carbon

analyzer (General Electric Instruments; GE Analytical Instruments, Boulder, CO, USA)

(Zhang et al., 2008).

Two semi-continuous OC-EC analyzers (Model 3F, Sunset Laboratory Inc.) were deployed

at each site, one indoors and one outdoors, to measure the hourly mass concentration of

elemental carbon (EC) and organic carbon (OC). A PM2.5 cyclone was placed at the inlet of

the instruments to remove particles larger than 2.5 μm, and samples were collected at a

nominal flow rate of 8 lpm. Also, a parallel plate diffusion denuder was placed upstream of

each OC-EC instrument to remove most of the gas-phase OC, which is known to cause

positive adsorption artifacts (Arhami et al., 2006).

2.3. Source apportionment

A molecular-marker based source apportionment model (MM-CMB) was used in this study

to apportion PM2.5 organic carbon (OC) (Schauer et al., 1996). The model utilizes organic

molecular markers that are source-specific tracers as fitting species and it was

mathematically solved with an effective variance weighted least-squares solution (Watson et

al., 1984), using the U.S. Environmental Protection Agency CMB (EPA-CMB8.2) software.

Six sources were considered to have the highest contributions to fine OC in the sampling

areas, including light-duty and heavy-duty vehicles (LDV and HDV, respectively) (Kam et

al., 2012; Liacos et al., 2012), wood smoke (biomass burning in Western US) (Fine et al.,

2004; Sheesley et al., 2007), ship emissions (Agrawal et al., 2008; Rogge et al., 1997),

resuspended dust (Schauer, 1998), and vegetative detritus (Rogge et al., 1993). Vehicular

emissions source profiles were based on recent on-road studies conducted at CA-110 and

I-710 freeways in Los Angeles. However, inclusion of both LDV and HDV source profiles

caused co-linearity in some CMB runs (29 cases). For these samples, the “estimable linear

combinations of inestimable sources” was considered as the contribution from mobile

sources (Watson et al., 1997), while for the rest of the samples, mobile source contributions
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were determined as the sum of both LDV and HDV source contributions (Lough et al.,

2007). Moreover, to evaluate the sensitivity of the MM-CMB results to the selected

vehicular emissions source profile, the contribution of mobile sources to fine OC was

determined using a different source profile, derived from a roadway study conducted in

2005 at the CA-110 and I-710 freeways in Los Angeles (Kuhn et al., 2005; Ntziachristos et

al., 2007b; Phuleria et al., 2007). The sensitivity analysis revealed the stability of the MM-

CMB results for the estimated contributions from mobile sources (LDV+HDV) to PM2.5

OC, using the two considered source profiles, as indicated by the slope (±standard error) of

0.97 (±0.05) and R2 of 0.87 in Figure S1. A detailed discussion about this analysis and its

results has been provided in the Supplementary Information.

A set of chemical species that are source-specific tracers and chemically stable during the

transport from source to receptor was selected as the fitting species in the MM-CMB model.

These species included EC, 22S-homohopane, 22R-homohopane, 17α(H)-21β(H)-hopane,

17α(H)-22,29,30-trisnorhopane, benzo(e)pyrene, benzo(b)fluoranthene,

benzo(k)fluoranthene, benzo(ghi)perylene, levoglucosan, indeno(1,2,3-cd)pyrene,

nonacosane, hentriacontane, tritriacontane, vanadium, nickel and aluminum.

The contributions from vegetative detritus were generally not statistically significantly

different from zero, and were therefore removed from our calculations. Source contributions

to total PM2.5 mass were evaluated by converting the MM-CMB results for fine OC to those

of PM2.5 using the OC-to-PM mass ratios obtained from each source profile (Agrawal et al.,

2008; Fine et al., 2004; Kam et al., 2012; Liacos et al., 2012; Rogge et al., 1993, 1997;

Schauer, 1998; Sheesley et al., 2007). For samples displaying co-linearity for mobile

sources, we assumed that the OC apportioned to mobile sources is entirely emitted from

LDVs. The OC/PM ratio from the LDV source profile was therefore used for these co-linear

samples. This assumption clearly has some uncertainties. To evaluate the range of variation

in the mass apportionment of mobile sources for the co-linear cases, we conducted a

sensitivity analysis under several different scenarios. The OC apportionment results were

converted to PM mass-based assuming that the OC apportioned to mobile sources is emitted

from 1) only HDV, 2) 25% LDV/75% HDV, 3) 75% LDV/25% HDV. Results were then

compared to our prior assumption that OC from mobile sources is only emitted from LDVs.

As can be seen in Table S1, results are about 25, 18, and 8% higher when assuming that OC

apportioned to mobile sources is from only LDVs, compared to cases 1, 2 and 3,

respectively.

In areas which are affected by the anthropogenic sources, ambient WSOC is mostly emitted

from biomass burning sources (Docherty et al., 2008) or is formed through photochemical

reactions (Weber et al., 2007). Other water-soluble organic carbon (other WSOC) is defined

as the difference between measured total WSOC and WSOC from biomass burning

(WSOCbb). WSOCbb was estimated as 71% of the OC apportioned to biomass burning from

the CMB output (Sannigrahi et al., 2006). Other water-soluble organic matter (other

WSOM) was then calculated by multiplying other WSOC by a factor of 1.8 (μgOM/μgOC)

(Turpin and Lim, 2001). Other WSOM is mainly comprised of secondary organic aerosol

(SOA), particularly in outdoor environments (Snyder et al., 2009), while it also includes the
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emissions from other primary sources in indoor environments such as organic acids from

cleaning and other consumer products (Weschler, 2004).

Other water-insoluble organic matter (other WIOM) corresponds to water-insoluble OM that

could not be apportioned to the considered primary sources. This was estimated by

multiplying other water-insoluble organic carbon (other WIOC) also by a factor of 1.8

(Turpin and Lim, 2001). Other WIOC was determined as the difference between the total

concentration of WIOC (OC-WSOC) and the sum of all primary source contribution

estimates (excluding biomass burning), plus the concentration of WIOC from biomass

burning. In central LA and Riverside, Heo et al. (2013) found that these compounds, in

ambient PM2.5, mostly originate from primary biogenic sources such as food cooking or

resuspended soil.

Lastly, since inorganic ions were not measured from the filters, sulfate was determined from

the concentration of sulfur (S), assuming that all measured water soluble S by ICPMS is in

the form of sulfate (Arhami et al., 2009). In addition to sources included in the OC

apportionment, other WIOM, other WSOM and sulfate concentrations were considered in

PM2.5 mass apportionment.

2.4. Meteorology and air exchange rates

Meteorological data, including temperature, relative humidity as well as wind speed and

direction, sorted by study phases, sites, and indoor/outdoor locations are listed in Table S2.

Mean indoor temperature showed very low variability across phases, while the average

outdoor temperature was about 9 °C higher during the warm phase compared to the cold

phase. Wind speed was generally higher during the warm phase, with a predominant

westerly/southwesterly direction, which is typical of the LAB (Hasheminassab et al., 2013).

Relative humidity showed moderate variation across sites, with slightly higher values during

the warm phase compared to the cold phase (58.4±1.3% and 53.8±4.8%, respectively).

Polidori et al. (2007) estimated the air exchange rates ([AER] hr−1) in the studied homes by

monitoring the decay of indoor CO during the periods affected by a dominant indoor source

(such as food cooking). Figure 1 shows the average AERs at each site and phase of the

study. The estimated AERs were generally low and relatively similar throughout the year at

all sites. The low magnitude of AERs can be explained by the common use of air-

conditioning along with the low number of open doors and windows in the studied

retirement communities. In a study by Suh et al. (1994), conducted in 47 homes of State

College, Pennsylvania, the median AERs measured in non-air-conditioned homes was about

six times higher compared to air-conditioned homes. Also in the Boston area, during the

summer, Long et al. (2000) reported that the measured AERs in non-air-conditioned homes

were about 16 to 24 times of those AERs measured at a home equipped with a central air-

conditioning system.

2.5. Data Analysis

As mentioned in preceding sections, chemical analyses were performed on weekly-

composited filters, resulting in 6 sets of chemical data, and therefore estimated source

contributions, at each site and phase of the study. To determine the indoor-to-outdoor (I/O)
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source relationships, I/O mass ratios and correlation coefficients (R) for given species were

calculated for each study site and phase. The averages (±standard deviation) of these values

are reported in the following sections. High overall correlation coefficient values indicate

species originating from outdoors, whereas low or negative correlation coefficients and/or

higher than unity I/O values indicate species produced by indoor sources (Daher et al.,

2011).

In addition, for a specific phase, to investigate the statistical significance of the difference

between indoor and outdoor levels of a given species (or a source), paired t-tests, at a 0.05

level of significance, were performed between each pair of datasets (N=6). When deviations

from normality were observed in the data points, the significance of differences between the

two datasets was evaluated by conducting the non-parametric Mann-Whitney rank sum test

(U test), rather than the paired t-test (Brown and Hambley, 2002).

3. Results and discussions

3.1. Carbonaceous species

Average mass concentrations of carbonaceous species, including EC, WSOC, and WIOC, at

all indoor and outdoor sampling sites, during both phases of the study, are presented in

Figure 2 and summarized in Table S5. The variability of their weekly I/O ratios is illustrated

within box plots in Figure 3. Their average I/O ratios as well as the I/O Pearson correlation

coefficients (R) are presented in Table 1.

I/O ratios for carbonaceous species showed very low variability during both phases of the

study (Figure 3), indicating the relatively common origins of these species across all 3 sites.

EC, which mainly originates from incomplete combustion of fossil fuels and is a tracer of

pollution from diesel exhaust (Schauer, 2003), constituted a small fraction of PM2.5, with an

average contribution of 8.7±2.8% to total mass, over all sites and both phases. In the RIOPA

(Relationship of Indoor, Outdoor, and Personal Air) study, which was conducted in 105

homes of Los Angeles between 1999 and 2001, Polidori et al. (2006) reported that EC

constituted about 7% of PM2.5 mass concentration in both indoor and outdoor environments,

which is generally in agreement with the ratios reported in this study. EC did not show any

significant seasonality, but its indoor concentration was comparable if somewhat lower than

that outdoors, with average I/O ratios of 0.82 and 0.77 during the warm and cold phases,

respectively. These I/O ratios were accompanied by high R-values (about 0.83 on average

during both phases), suggesting that a substantial fraction of indoor EC is attributed to that

of outdoor concentrations which infiltrated indoors. Our results are very similar to those

reported by Geller et al. (2002). They reported an average I/O ratio of 0.85 and R-value of

0.84 for EC in 13 residences in Coachella Valley, California, during the winter and spring.

OC accounted for about 44 and 33% of PM2.5 mass indoors and outdoors, respectively, with

levels ranging from 3.1 to 13.0 μg/m3, across all sites and both study phases. These

contributions were relatively higher than those reported in the RIOPA study. Polidori et al.

(2006) found that contributions of OC to PM2.5 in indoor and outdoor environments of 105

homes of Los Angeles were around 34.4 and 21.0%, respectively. It can be readily inferred

from Figure 2 that OC was predominantly water-insoluble (83.1±7.5%). As can be seen in

Hasheminassab et al. Page 7

Sci Total Environ. Author manuscript; available in PMC 2015 August 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Table 1, WIOC displayed high I/O ratios with relatively low R-values (0.34–0.47) during

both phases of the study, suggesting the presence of important indoor primary sources, such

as food cooking, cleaning products, and organic dusts. Outdoor WSOC, as an indicator of

SOA formation (Weber et al., 2007), displayed slightly higher concentrations during the

warm phase (1.14±0.04 μg/m3) compared to the cold phase (0.83±0.17 μg/m3), mainly

because of higher photochemical activities coupled with increased advection of aged

particles from upwind “source” regions, during the warmer months (Sardar et al., 2005).

While WSOC exhibited I/O ratios higher than 1 during both phases, its R-value was

significantly higher during the warm phase, compared to the cold phase (0.7 and 0.43,

respectively). These results reflect a significant impact of outdoor sources on indoor levels

of WSOC during the warmer months, while they support the predominance of indoor

sources (both primary and secondary to a lesser extent) in indoor environments during the

cold seasons.

3.2. Metals and trace elements

The variability of weekly I/O ratios for all 47 detected metals and trace elements (TEs)

across all sites is shown within box plots for each phase of the study in Figure 3. The

average I/O ratios and the correlation coefficients (R) of selected metals and TEs at each site

and phase of the study are also presented in Table 1, and concentrations tabulated in Table

S5. These selected species were among the most abundant elements and are toxicologically

important (Oeder et al., 2012; Shi et al., 2003; Valavanidis et al., 2005). It should be noted

that at some sites and phases of the study, concentrations of few metals and TEs were not

detectable indoors or outdoors. To avoid obtaining inestimable indoor-to-outdoor (I/O) mass

ratios, the concentration of these species were assumed as half of their limit of detection

(LOD). LODs for non-detectable species ranged from 3.45 × 10−4 to 80.27 and 5.64 × 10−4

to 11.19 ng/m3 in the ultrafine and accumulation modes, respectively.

The box plots indicate a wide range of variability in the I/O ratios of metals and TEs during

both study phases (Figure 3), suggesting that these species are emitted from a broad range of

sources. Of all the inorganic elements, S was the most abundant species at all sites and

phases of the study, with levels ranging from 392 to 1930 ng/m3. The outdoor concentration

of S was on average 2.7 times higher during the warm phase, compared to the cold phase.

Higher concentration of S during the warm phase indicates that S was mostly in the form of

sulfate during the warmer months (Arhami et al., 2009). Average I/O ratios were generally

below 1, except for few species during the cold phase (namely, Al, S, Ca, K, and Zn), which

exceeded unity. During the warm phase, indoor concentrations of S, V, Cr, and Ni showed

relatively high correlations with their corresponding outdoor levels (R-values ranging from

0.72 to 0.77), indicating a significant influence of outdoor sources on the indoor levels of

these species. Vanadium and sulfur are mostly associated with ship emissions, refinery

operations, and residual oil combustion (Arhami et al., 2009), while Ni and Cr are known as

tracers of industrial emissions (Ntziachristos et al., 2007a; Singh et al., 2002). The average

I/O ratio for Zn was 0.75±0.21 and 1.12±38 during the warm and cold phases, respectively.

While Zn primarily originates from outdoor sources, smoking has been found to be a

dominant source of Zn at indoor environments (Jones et al., 2000). Given that the studied

homes were non-smoking residences, increased indoor concentration of Zn is mostly

Hasheminassab et al. Page 8

Sci Total Environ. Author manuscript; available in PMC 2015 August 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



attributed to the enhanced infiltration of these particles from outdoors. Another

anthropogenically-dominated metal, Cu, showed high average I/O ratios during the warm

and cold phases (0.68 and 1.00, respectively), while it was weakly correlated with its

corresponding outdoor concentrations (R-values ranged from −0.08 to 0.14), indicating the

presence of potential indoor sources such as resuspended mineral dust (Ibanez et al., 2012)

or emissions from indoor electric universal motors such as those inside vacuum cleaners,

toys, hair dryers, and blenders (Szymczak et al., 2007). More detailed discussion on indoor/

outdoor relationship of size-fractionated metals and TEs at all sampling sites has been

provided by Polidori et al. (2009).

3.3. Organic compounds

Individual organic constituents of PM2.5 were grouped into polycyclic aromatic

hydrocarbons (PAHs), hopanes and steranes, n-alkanes, and organic acids. As implemented

with the inorganic elements, concentrations of non-detectable organics were assumed as half

of their LODs. LODs for non-detectable species ranged from 1.46 × 10−2 to 0.96 and 6.81 ×

10−3 to 2.92 ng/m3 in the ultrafine and accumulation modes, respectively. Table S5 presents

the concentrations of selected organic species, which were used as fitting species in the

MM-CMB model.

Figure 3 shows the box plot distributions of weekly I/O mass ratios for groups of individual

organic species (including 19 PAHs, 16 hopanes and steranes, 27 n-alkanes, and 41 organic

acids), during the warm and cold phases. Less variability was observed for PAHs, hopanes

and steranes, suggesting that these species originate from rather similar sources across all

sites, most likely vehicular emissions (Lough et al., 2007). The median I/O values for PAHs

ranged from 0.94 to 0.99 during the cold and warm phases, respectively. The I/O ratios

showed slightly lower values for hopanes and steranes with median levels ranging from 0.82

during the warm phase to 0.89 during the cold phase. The measured I/O values for

individual PAHs and hopanes are well within the ranges reported in previous studies for the

fine PM size fraction. Olson et al. (2008) reported median I/O ratios ranging from 0.7 to 1

for 7 PAHs and 1 to 1.1 for 3 hopanes in Tampa, Florida. Ohura et al. (2004) also reported

median I/O ratios ranging from 0.62 to 1.27 during the summer and 0.27 to 1.09 during the

winter for 19 individual PAHs in two different cities of Japan. Unlike PAHs, hopanes and

steranes, n-alkanes and organic acids showed a broader range of I/O ratios, accompanied by

median values slightly higher than 1, indicating a larger variability in their sources of origin

in the indoor and outdoor environments over different sites.

Figure 4a–d shows the average concentration of organic compounds in both indoor and

outdoor environments, at each site and phase of the study. Moreover, the average I/O mass

ratios and I/O Pearson correlation coefficients (R) were determined for selected organic

species in both phases across all sites, as shown respectively in Figures 5a–d and 6 a–d.

PAHs are typically produced from incomplete combustion of fossil fuels and/or other

organic matter, such as cooking at indoor environments (Abdullahi et al., 2013; Manchester-

Neesvig et al., 2003). Average mass concentrations of total PAHs were overall higher during

the cold phase (Figure 4a), mainly due to higher atmospheric stability and lower degree of

dispersion and mixing during the colder seasons. On the other hand, enhanced photo-
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degradation of PAHs (Miet et al., 2009) along with increased partitioning to the gas phase at

higher temperatures (Mader and Pankow, 2002), can result in lower outdoor concentrations

of these species during the warm phase. The highest average outdoor concentration of total

PAHs in both phases was observed at G2, which was the closest sampling location to a

major freeway among all sites. The average indoor concentrations of total PAHs were not

statistically significantly different than the outdoor levels at all sites and both phases of the

study (p values ranged from 0.06 to 0.95), suggesting likely contribution of outdoor sources

to indoor particle levels. This was further corroborated by the I/O mass ratios (Figure 5a)

and correlation coefficients for individual PAHs (Figure 6a). PAH components displayed

average I/O ratios close to unity, with generally high and positive correlation coefficients

(median R-value across components is 0.61 and 0.77 during the warm and cold phase,

respectively), indicating a strong impact from outdoor sources (most notably diesel and

gasoline exhaust) on indoor levels of PAHs. Potential indoor sources of PAHs include

smoking, gas cooking and heating appliances (Liu et al., 2001; Ohura et al., 2002; Orasche

et al., 2012). However, since the retirement communities in this study were non-smoking

residences, the contribution of PAHs from tobacco smoke is unlikely (Arhami et al., 2010).

Unlike PAHs, the summed concentration of hopanes and steranes exhibited less seasonality

at all sites (Figure 4b). This is likely due to the lower volatility and reactivity of these

compounds compared to PAHs (Ruehl et al., 2011). Moreover, given that hopanes and

steranes primarily originate from lubricating oil of gasoline- and diesel-powered vehicles,

their emission rates are relatively insensitive to driving conditions (Lough et al., 2007). As

can be inferred from Figure 5b, the average I/O ratios of individual hopanes were slightly

lower than those for steranes, yet both were close to unity (ranging from a minimum of 0.6

to a maximum of 1.1, for all components across both phases). Seasonally, the I/O ratios were

relatively higher during the cold phase accompanied by larger R-values compared to the

warm phase (median R-values for all components during the warm and cold phases are 0.27

and 0.64, respectively). These results indicate the strong influence of outdoor sources on

indoor levels of hopanes and steranes, particularly during the cold seasons.

The average cumulative concentration of measured n-alkanes was higher indoors than

outdoors, with much higher levels at G3 during the cold phase. While the average I/O ratios

for individual n-alkanes (C24-C40) during the warm phase spanned around unity (min=0.9,

max= 1.7, median= 1.1), these values significantly increased (up to 8) during the cold phase.

Furthermore, I/O correlation coefficients showed overall greater and/or positive values

during the warm phase compared to the cold phase. These results, altogether, are indicative

of a considerable influence of indoor sources (e.g. cooking, household products, dust, and

candle burning (Fine et al., 1999; Kleeman, 2008; Schauer, 1999)) on the indoor levels of

these species, particularly during the cold phase. The carbon preference index (CPI) of n-

alkanes (C19-C40) was calculated for all sites and phases (Figure S2) to further investigate

the origins of these species. CPI is defined as the ratio of summed odd-carbon number n-

alkanes to even-carbon number n-alkanes (Simoneit, 1986). CPI around 1 indicates the

predominance of emissions from anthropogenic sources, while emissions from biogenic

sources usually exhibit CPI greater than 2 (Daher et al., 2011). Both indoor and outdoor n-

alkanes showed CPI values around unity (CPI ranging from 0.73 to 0.94), suggesting an

overall prevalence of anthropogenic sources in both indoor and outdoor environments.
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The average total concentration of measured organic acids was overall substantially higher

indoors than outdoors (Figure 4d). At G1 and G2 during the warm phase, in particular,

average indoor concentrations of total organic acids were significantly higher (more than 4

times) than their corresponding outdoor levels, with p values of 0.015 and 0.006,

respectively. The I/O correlation coefficients for individual organic acids were typically low

(or negative) along with high standard deviation, while they displayed I/O ratios

significantly higher than 1 in both phases (Figure 5d). These results confirm that the indoor

levels of these species are strongly affected by indoor sources, potentially including

emissions from human skin (Nicolaides, 1974), wax emission from painted walls (Naik et

al., 1991), and food cooking (Abdullahi et al., 2013).

3.4. Source apportionment of PM2.5

As noted in the methodology section, OC apportionment results from the MM-CMB model

were converted to PM mass-based results using OC/PM ratios obtained from each source

profile (Agrawal et al., 2008; Fine et al., 2004; Kam et al., 2012; Liacos et al., 2012; Rogge

et al., 1993, 1997; Schauer, 1998; Sheesley et al., 2007). In addition to the source

contributions estimated by MM-CMB, other WSOM, other WIOM, and sulfate were

considered as contributors to PM2.5 mass concentration. Source apportionment results for

PM2.5 OC and PM2.5 mass concentrations are respectively illustrated in Figure S3 and

Figure 7, and also summarized in Tables S3 and S4. We should note that some samples were

affected by positive OC adsorption artifacts during two weeks of sampling in the cold study

phase at G3. The source apportionment results for these two weeks were excluded from our

calculations.

Overall, mobile (vehicular) sources were found to be the major contributors to fine PM,

accounting for 39±21 and 46±17% of PM2.5 mass, respectively at indoor and outdoor

environments, averaged across all sites and both phases. Their contributions to PM2.5

displayed an average I/O ratio of 0.74±0.34 over all sites and phases, illustrating a

significant influence of outdoor mobile source emissions on indoor levels of PM2.5. This

was further supported by the results of the statistical analyses, which showed that indoor and

outdoor estimated contributions from mobile sources were not statistically significantly

different (p values ranged from 0.13 to 0.91) at all sites and both phases of the study (with

exception of G2 during the warm phase, p= 0.014). In the RIOPA study, Meng et al. (2007)

applied positive matrix factorization (PMF) receptor model on paired indoor and outdoor

PM2.5 species concentrations to characterize and quantify sources of indoor and outdoor

PM2.5. They reported an I/O ratio of about 0.6 for vehicular emission source contributions

for 105 homes in Los Angeles, which is within the range of our findings (i.e. 0.4 to 1). In

another source apportionment study conducted by Minguillón et al. (2012) in 54 homes of

Barcelona, the median I/O ratio for the estimated source contributions from mobile sources

was about 0.75, which is quite similar to our results (i.e. 0.74±0.34).

Except for G3 during the cold phase, other WIOM, which represents uncharacterized

primary sources, on average accounted for 20 and 14% of PM2.5 in indoor and outdoor

environments, respectively, over all sites and both study phases. For ambient PM2.5, in

central LA and Riverside, Heo et al. (2013) reported that these compounds mainly originate
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from primary biogenic sources such as food cooking or resuspended soil, which were not

considered in the CMB model. Other WIOM displayed a significant contribution to PM2.5 at

G3 during the cold phase, with levels ranging from 10.0 to 16.1 μg/m3 and 10.1 to 16.9

μg/m3 at indoor and outdoor environments, respectively. The high contribution of other

WIOM at G3 during the cold phase suggests the presence of a very unique source at this site

that also impacted the levels of n-alkanes, as shown earlier.

The average contribution of sulfate to PM2.5 was 18% at indoor sites and 15% at outdoor

environments. Its outdoor contribution was generally greater during the warm phase

(5.0±1.0 μg/m3 or 23±6% of PM2.5) compared to the cold phase (1.7±0.1 μg/m3 or

7.9±1.4% of PM2.5), which is consistent with the increased sulfate formation as a result of

enhanced photochemical activity during warmer seasons (Khoder, 2002).

Averaged over all sites and both phases, source contribution estimate of resuspended dust

was 2.2±1.9 μg/m3, corresponding to 11±8% of fine PM. Seasonally, the average

contribution of resuspended dust at indoor and outdoor environments was respectively 1.8

and 3.0 times higher in the warm phase compared to the cold phase. Occupant-related

activities and road dust are the major sources of resuspended dust in indoor and outdoor

environments, respectively.

Other WSOM showed significant seasonality in outdoor environments, with higher

contribution to PM2.5 during the warm phase (1.8±0.2 μg/m3 or 7.6±0.7% of PM2.5)

compared to the cold phase (0.8±0.6 μg/m3 3.8±2.6% of PM2.5). This trend in outdoor

environments is most likely due to increased photochemical production of WSOM in the

atmosphere during warmer months (Sardar et al., 2005). The indoor contribution of other

WSOM ranged from 0.3 to 2.6 μg/m3 (or 1 to 13% of PM2.5) over all sites and phases.

Indoor concentrations of other WSOM were higher than outdoors, at all sites during the cold

phase and at G1 during the warm phase. Nonetheless, none of these elevations were

statistically significant (p values ranged from 0.15 to 0.70). Several studies have shown that

ozone-initiated reactions with emissions from consumer products (Sarwar et al., 2004),

building materials (Aoki and Tanabe, 2007), and cleaning products (Singer et al., 2006),

lead to SOA formation in indoor environments. Moreover, as noted earlier, indoor other

WSOM is also impacted by primary sources such as organic acids from cleaning and other

consumer products (Weschler, 2004).

Wood smoke accounted for about 3% of PM2.5 mass, averaged over all sites and phases.

Outdoor concentrations of wood smoke displayed a significant seasonality, with more than 2

times higher contribution to ambient PM2.5 during the cold phase compared with the warm

period (with the exception of G2). This trend is most likely due to increased wood burning

for domestic heating purposes during the cold season. Ship emissions were the most minor

primary source of PM2.5, with less than 1% contribution to total mass, averaged over all

sites and both phases of the study.

Lastly, un-apportioned PM mass accounted for just 7±5% of measured PM2.5, on average. In

most of the cases, the un-apportioned PM mass concentrations were not statistically different

from zero. This small discrepancy in mass apportionment could be in part associated with
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ammonium nitrate, which was not measured in this study, but could constitute an important

component of PM2.5 (Hughes et al., 2002), especially in outdoor environments.

Additionally, uncertainties in the source profiles composition and multiplication factors used

to estimate other WIOM and other WSOM could lead to this discrepancy.

4. Conclusions

To investigate the indoor/outdoor relationships of PM2.5 and its chemical constituents, as

well as to identify and quantify major sources of PM2.5 in indoor and outdoor environments,

a sampling campaign was conducted between 2005 and 2006 at three retirement homes in

the Los Angeles Basin. Outdoor PM2.5 levels were constantly higher than those measured

indoors at all sites and phases of the study. Indoor concentrations of EC were comparable to

their corresponding outdoor levels (average I/O= 0.80) and were strongly correlated

(average R= 0.83), indicating a considerable impact of outdoor sources on the indoor levels

of EC. Indoor levels of metals and trace elements were found to be mostly affected by

outdoor sources. PAHs, hopanes and steranes, exhibited low variability in their indoor-to-

outdoor (I/O) mass ratios, with median values close to unity, accompanied by relatively high

I/O correlations, reflecting the significant impact of outdoor sources (most notably vehicular

emissions) on their indoor levels. By contrast, n-alkanes and organic acids exhibited much

higher I/O ratios along with poor correlations with their corresponding outdoor levels,

implying that the indoor concentrations of these species were mostly dominated by indoor

sources.

Source apportionment results revealed that vehicular sources were the dominant sources of

PM2.5, with an average contribution of 43±19% over all sites and phases of the study.

Moreover, the contribution of mobile sources to indoor PM levels was generally comparable

to their corresponding outdoor estimates (I/O= 0.74±0.34, averaged over all sites and

phases). Except for G3 during the cold phase, sulfate was generally the next most abundant

component, across all sites and phases. Other WIOM, which accounts for uncharacterized

primary biogenic sources, showed significant contributions to indoor and outdoor PM2.5

during the cold phase at G3 (71.5 and 73.4%, respectively). Resuspended dust and other

WSOM respectively contributed to 11 and 7% of PM2.5, on average across all sites and

phases.

Our results suggest that even though the elderly subjects of this study spend most of their

time in indoor micro-environments with relatively low air exchange rates, they are exposed

to considerable levels of PM of both indoor and outdoor origin. Therefore, a full

understanding of the adverse health effects of exposure to indoor PM requires a detailed

knowledge of human activity patterns in different micro-environments and, more

importantly, information on the degree to which indoor and outdoor sources contribute to

indoor levels of PM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Concurrent indoor and outdoor PM2.5 measurement was conducted in three

homes.

• Indoor n-alkanes and n-alkanoic acids were strongly influenced by indoor

sources.

• Indoor metals, PAHs, hopanes and steranes were strongly impacted by outdoor

sources.

• Molecular marker-based chemical mass balance model was used.

• Vehicular emissions were found to be the major contributor to indoor and

outdoor PM2.5.
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Figure 1.
Average indoor-outdoor air exchange rate ([AER] hr−1) at each site during the warm and

cold phases. Error bars correspond to one standard deviation.
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Figure 2.
Average indoor (IN) and outdoor (OUT) mass concentrations (μg/m3) of elemental carbon

(EC), water-soluble organic carbon (WSOC), and water-insoluble organic carbon (WIOC) in

the fine PM size fraction by site during the warm and cold phases. Error bars correspond to

one standard deviation.
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Figure 3.
Box plot of weekly indoor-to-outdoor (I/O) mass ratios for groups of individual organic

compounds (including PAHs, Hopanes and steranes, n-alkanes, and organic acids), metals

and elements, and carbonaceous species (EC, WSOC, WIOC) during the warm and cold

phases. Each box represents the data for all 3 sites pooled together. The reference line shows

the I/O mass ratio of 1.
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Figure 4.
a–d. Average mass concentrations (ng/m3) of total (a) PAHs, (b) hopanes and steranes, (c) n-

alkanes, and (d) organic acids in indoor and outdoor environments at each site during the

warm and cold phases. Error bars correspond to one standard deviation.
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Figure 5.
a–d. Indoor-to-outdoor (I/O) mass ratios of selected (a) PAHs, (b) hopanes and steranes, (c)

n-alkanes, and (d) organic acids, averaged over all sites during the warm and cold phases.

Error bars correspond to one standard deviation. The reference line shows the I/O mass ratio

of 1.
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Figure 6.
a–d. Pearson correlation coefficients of selected (a) PAHs, (b) hopanes and steranes, (c) n-

alkanes, and (d) organic acids, averaged over all sites during the warm and cold phases.

Error bars correspond to one standard deviation.
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Figure 7.
Average relative contribution of different sources to PM2.5 mass concentration (μg/m3) in

indoor (IN) and outdoor (OUT) environments at each site during the warm and cold phases.
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