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Outdoor-originated aerosols are an important component impacting indoor air quality. Since outdoor

aerosols vary over short (diurnal) and long (seasonal) timescales, we examined how the variation in

outdoor aerosol concentration and composition impact indoor aerosol. Measurements of both indoor

and outdoor aerosol composition in real time in an urban classroom in winter and summer seasons

were performed using an aerosol mass spectrometer (AMS), aethalometer, and a suite of gas phase

instruments. Factor analysis of the organic aerosol components identified three factors in common

between seasons, including hydrocarbon-like, cooking, and oxidized organic aerosol (HOA, COA, and

OOA). Since sulfate is non-volatile, we report a sulfate-normalized indoor–outdoor ratio (I/O)i/SO4
for

measured aerosol i components, allowing us to estimate aerosol component-based effects of seasonal

and other variations in ventilation and HVAC operation, indoor emission sources, and chemically-based

loss processes between outdoor and indoor environments. These chemical loss processes are

interpreted in terms of changes in temperature and relative humidity (RH) between environments,

which fluctuate on a daily and seasonal basis. The degree to which any effect is observed depends on

the particular outdoor aerosol population and the magnitude of temperature or RH change. In

wintertime, when aerosols were warmed upon transport indoors and loss of volatile components is

favored, median (I/O)i/SO4
values for nitrate, total organics, HOA, and BC were smaller (0.35, 1.00, 1.24,

and 1.18, respectively) than summertime values (0.75, 1.17, 1.96, and 1.80). For COA and OOA, however,

(I/O)i/SO4
values were higher in the winter than in summer. Calculated aerosol liquid water (ALW), which

is a function of temperature and RH and the relative contribution of hygroscopic components, varied

significantly by season. Summertime ALW indoors provides a medium for aqueous processing, which is

necessary for some hydrophilic gas phase reaction products that are important to indoor air quality and

occupant exposure. This work describes the linkages between seasonal variability in aerosol

composition outdoors and the subsequent chemically-specific variation observed when that aerosol is

brought indoors.
Environmental signicance

Outdoor aerosols are regulated by governments worldwide to reduce exposure and protect human health. In the developed world, however, people spend the vast
majority of their time indoors. Consequently, exposure to outdoor aerosols predominantly occurs in the indoor environment. This study aims to quantify the
impact of temperature and relative humidity gradients on the composition and transport of aerosol particles from the outdoor to the indoor environment in
both the summer and winter seasons when temperature gradients between indoors and outdoors are reversed. The results presented here can be used to inform
models of indoor air quality and provide insight into how outdoor aerosol is modied when transported indoors.
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1. Introduction
1.1 Seasonal-dependence of outdoor-originated aerosol

High concentrations of ambient aerosols have been linked to
adverse respiratory and cardiovascular conditions.1 Humans
spend most of their time indoors.2 However, for practical and
legislative reasons, we monitor and regulate outdoor air quality
with improving human health as one of the aims. Seasonal-
dependent uctuations in outdoor aerosol concentration and
This journal is © The Royal Society of Chemistry 2019
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composition, and by extension, exposure to them is dependent
on meteorological conditions (e.g. natural boundary layer height
variability), seasonal processes (photochemical variation with
season), and variability in source emissions (e.g. heating-specic
emissions in winter). However, long-term in-depth characteriza-
tion of outdoor aerosols is difficult becausemosteld work is time
constrained with typical sampling durations on the order of one
month. The IMPROVE network3 has investigated chemical speci-
ation via integrated lter samples at 110 locations, some operating
since 1985, but are limited to rural areas and predominantly in
National Parks and Wilderness Areas in the United States. This
limits application to exposure between the indoor and outdoor
environments. Other monitoring networks including the EPA air
quality monitoring stations provide more local level data, but are
similarly limited by time integrated lters. Recent instrument
developments like the Aerosol Chemical Speciation Monitor
(ACSM),4 which can sample independently and continuously for
weeks to months, has made long-term inter-seasonal and inter-
annual measurements more common in urban areas.5,6

More than a decade of aerosol mass spectrometer (AMS)
measurements, providing minute-to-hour integrated real-time
submicron aerosol composition,7,8 across the world have resul-
ted in several chemically-specic inter-seasonal analyses of mega
cities.9–13 Despite continental, latitudinal, annual, and intra-city
differences, trends in aerosol composition and chemical pro-
cessing have emerged, contributing greatly to our understanding
of tropospheric outdoor aerosols. By bringing the AMS
measurement methods to the indoor environment, we provide
new insights to aerosol exposure indoors, utilizing the knowl-
edge gained from outdoor sampling with the AMS.14,15 This work
provides a direct comparative analysis for outdoor aerosol
species transported to the indoor environment and the inuence
of sources and processes occurring in the indoor environment.
1.2 Indoor–outdoor ratio

Chemical species from the outdoors make their way indoors via
several important mechanisms (e.g. ventilation, inltration),16,17

and emissions in each environment and processing between
them are important parameters of exposure. For environments
with minimal indoor sources, the inuence of outdoor aerosol
on the indoor environment can be succinctly described with the
indoor/outdoor (I/O) ratio:18 the concentration of indoor aerosol
normalized by that of outdoor. For environments with indoor
sources including cooking,19 cleaning,20,21 smoking,22 or other
emission sources, the I/O ratio can exceed unity, but trends of
the I/O ratio over time provide insights into the sources of
aerosols to the indoor environment. The I/O ratio has been
widely used to describe penetration and inltration across
building types, environmental conditions, and outdoor emis-
sion types,23 but without the ability to compare directly across
these important operating conditions, and has been used with
limited discussion as to the diverse characteristics of the
outdoor-originated aerosols.

Johnson et al.14 described a sulfate-normalized I/O ratio as the
I/O ratio of any aerosol chemical component i divided by the I/O
ratio of non-volatile sulfate, (I/O)i/(I/O)SO4

¼ (I/O)i/SO4
, as a rst
This journal is © The Royal Society of Chemistry 2019
order parameter to normalize for mechanical losses (e.g. deposi-
tion and ltration) and demonstrate the impact of additional
processes on the indoor aerosol population. These additional
processes include indoor emissions as well as gains or losses due
to physiochemical transformation. Implicitly, the (I/O)i/SO4

assumes an internally mixed aerosol population or similar
mechanical loss rates for externally mixed populations. Externally
mixed aerosol populations that differ in size and composition
complicate the use of (I/O)i/SO4

, but trends and interpretations are
still useful for understanding outdoor-to-indoor transport. Use of
the (I/O)i/SO4

creates a basis for comparison across seasons when
building ventilation differs, and provides a standardization for
other regions, climates, and building operation.
1.3 Factors affecting chemical transformation: temperature,
humidity, liquid water, and hygroscopic components

In addition to mechanical loss processes (e.g. ltration and
deposition) affecting the I/O ratio, chemical transformation of
aerosol upon transport from outdoors to indoors is governed by
chemical-specic physiochemical properties, such as volatility.
For a mechanically ventilated building, at positive temperature
(T) gradients (in>out, as during midlatitude winter), the heat-
ing, ventilation, and air conditioning (HVAC) systems operating
to heat outdoor air can drive semi-volatile components from the
condensed phase to the gas phase and decrease the (I/O)i/SO4

; at
negative gradients (in < out, as during midlatitude summer),
condensation of semi-volatile species from the gas phase to the
particle phase can increase the (I/O)i/SO4

. The positive T gradient
scenario has been studied extensively outdoors using a ther-
modenuder coupled with an AMS;24 however, the T gradients in
these studies are oen much greater than for outdoor-to-indoor
environments and lack high T resolution in temperature at low
DT. Thermodenuder work has examined some of the complexity
of organic aerosol (OA) from various sources25 or positive matrix
factorization (PMF) result types.26 Temperature gradients
between indoors and outdoors on organics using the volatility
basis set (VBS)27 on relationship of indoor, outdoor and
personal air (RIOPA) study data28,29 highlighted the geo-specic
relationship between outdoor aerosol volatility and indoor
aerosol observations. However, the negative T gradient case (in
< out, summer) has not been experimentally investigated.

While relative humidity (RH) and T are linked, the role of
humidity in contributing to aerosol liquid water (ALW) uptake
from hygroscopic components and subsequent re-partitioning
of water soluble aerosol components with the gas phase is an
important consideration in I/O ratios.30 ALW mass globally is
approximately twice that of dry aerosol,31 indicating the ubiq-
uitous availability of an aqueous phase for processing of both
organics and inorganics,32 and making organic aerosol depen-
dent on temperature, humidity,33,34 and inorganic hygroscopic
components.35 Recent eld studies, especially the southern
oxidant and aerosol study (SOAS),36 have highlighted the
importance of humidity and aqueous-phase processing in high-
humidity environments. Long-term measurements in Beijing
also showed effects seasonal-dependence of aqueous process-
ing with humidity across oxidized PMF factors.37
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 529

https://doi.org/10.1039/c8em00471d


Environmental Science: Processes & Impacts Paper

Pu
bl

is
he

d 
on

 2
4 

Ja
nu

ar
y 

20
19

. D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 0

7/
05

/2
02

5 
9:

28
:4

3 
A

M
. 

View Article Online
The impact of hygroscopic growth or contraction of aerosols,
dependent on chemical composition and changes in humidity
across a building envelope can be analogized to hygroscopicity-
tandem differential mobility analyzer (HTDMA) work, which
has explored the expansion of aerosol size distribution with
humidication, dependent on aerosol size, hygroscopic compo-
nents, and humidity.38–41 Further combination of analytical
methods in a volatility-hygroscopicity tandemDMA (VH-TDMA)42

have shown the hygroscopicity of volatile compounds to be high,
in agreement with growth factor measurements and Zdanovskii,
Stokes, and Robinson (ZSR) predictions. Growth factor calcula-
tions based on hygroscopic components and humidity link these
properties with ALW and size distribution outcomes. In the
indoor environment, all of these properties are expressed in their
(I/O)i/SO4

, dependent on the environmental differences and pro-
cessing between environments.
2. Methods
2.1 Sampling methods

Real-time, near simultaneous measurements with the AMS and
other instrumentation were taken on outdoor air and the indoor
air in a classroom. Sampling took place in winter (Jan 31-Mar 2)
and summer (July 13-Aug 13) 2016, at Drexel University in
Philadelphia. Outdoor measurements sampled air including
emissions from regional and local sources including the nearby
I-76 freeway, the major transportation hub of 30th Street Station,
and Center City Philadelphia. Nearby, a row of food trucks
served the university on weekdays (7 AM–6 PM) with limited
service until lunch on Saturday and no service on Sunday. The
outdoor inlet was a dedicated inlet from the roof directly above
the laboratory, next to the air intake for the HVAC zone serving
the classroom where indoor air was sampled.

The classroom was 148 m3, with tiled oors and painted
cinder block walls, a chalkboard and mobile desk seating for
about 25 students. There were doors on each of two adjacent
walls, but one door led to another recessed room, so no direct
air ow currents between the two doors were expected. The
adjacent hallways were not mechanically ventilated. The room
was occupied regularly for classes only during the winter
season, but the number of occupants and occupant activities
were not recorded. The human contribution to the indoor
aerosol composition during the wintertime measurements will
be discussed in detail in a future publication. The HVAC zone
included adjacent faculty and student offices but no other
classrooms. Sampling for each inlet was controlled by a custom
valve-switching device to alternate sampling for all instruments
between indoor and outdoor inlets every 4 minutes; a bypass
line was utilized to ensure continuous ow at a constant rate in
each inlet. Sample air was dried to below 30% RH using
a Naon Dryer (MD-700 series, Perma Pure Inc.) prior to
measurement by the aerosol instrumentation.
2.2 Instrumentation

2.2.1 Soot-particle aerosol mass spectrometer (SP-AMS).
The SP-AMS (Aerodyne, Inc.) used here was operated with the
530 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
laser off as a high resolution time of ight (HR-ToF) AMS.7 The
AMS measured bulk and size-resolved chemical composition of
non-refractory, submicron particles including organics, nitrate,
sulfate, ammonium, and chloride. Data was processed using
standard AMS soware packages including high resolution
analysis. A relative ionization efficiency of 1.4 was assumed for
all organic species. A collection efficiency of 0.5 was applied as
less than 8% of the winter outdoor data, and none of the indoor
winter or either environment in summer met the criteria for
a higher efficiency.43 We discussed whether to apply this and are
concerned that modifying the outdoor CE, but not the indoor
CE may potentially introduce artifacts in the data as well.
Chloride was used in the ALW calculations, but is otherwise
excluded from analysis here. Ammonium was also excluded
from I/O analysis since it is a function of sulfate and nitrate, and
trends in its I/O ratio are due to variations in sulfate and nitrate.
Predicted versus measured ammonium analysis, describing the
aerosol acid/base neutralization state,44 can be found in
Fig. S1.† This analysis predicts the required ammonium
concentration to fully neutralize the measured sulfate, nitrate,
and chloride, and compares it to the measured ammonium by
the AMS. CO2 measured by the Picarro CRDS (described below)
was used for mass spectra correction at m/z 44 in the frag-
mentation table.45 Elemental ratios of C/H/O/N PMF factors
were calculated from high resolution mass spectra.46,47

2.2.2 Aethalometer. The AE-33 (Magee Scientic) aethal-
ometer48 measured light absorption at seven wavelengths.
However, only one wavelength (880 nm) was used for this
analysis. Mass absorption coefficients and other calibrations,
including automatic loading artifact correction, were provided
by the manufacturer.

2.2.3 Picarro CRDS gas analyzer. The G2401 analyzer for
CO2, CO, CH4, H2O (Picarro, Inc.) used cavity ringdown spec-
troscopy (CRDS) to measure given gases at 0.25 Hz. It was cali-
brated with a calibration tank of CO2, CO, and CH4, was used to
calibrate the instrument at 3 dilution levels each week of
operation.

2.2.4 Other measurements. Indoor T and RH were
measured with an Elgato Eve indoor sensor system. A Vaisala
Automatic Weather Station 310 (AWS310) was located outdoors
on Drexel campus for outdoor meteorological data, including T
and RH, wind speed (WS), wind direction (WD), pressure (P),
solar radiation, and precipitation.
2.3 Lag time and air exchange rates

Sulfate measurements were used to determine and time-shi
for the time delay (or “lag”) for the changes in outdoor-
originated aerosols to be reected in the indoor aerosol
concentration. This shi value for each dataset captured
differences in building air ows in different seasons. This time
was determined with a time-shiing regression analysis, which
has previously been described in detail.14 Briey, the peak
correlation between outdoor and indoor sulfate concentration
across several inlet cycles was calculated for all continuous 24
hour segments for each dataset. The aggregate of these peak
correlation values resulted in a distribution of shi values, the
This journal is © The Royal Society of Chemistry 2019
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peak of which was chosen as the single lag value for the entire
dataset. All aerosol I/O ratios presented here use the lag-time
correction. These were different between seasons, with indoor
data reecting a 29 minute lag for winter and 37 minute lag for
summer. However, the effect of this analysis on the ratios
described here was minimal, as shown in Table S1.†

Of note, the aerosol lag shi time in this room with venti-
lation and recirculation air exchange, and subject to ltration,
is distinct from air exchange rate as measured by gas phase
species. The ventilation rate is dened as the rate of exchange of
indoor air with outdoor air, and is distinct from the room air
exchange rate (AER) which includes recirculation from other
rooms within the HVAC zone, in addition to the ventilation rate.
The ventilation rate was calculated from the discretized solu-
tion of a simple CH4 model using measured indoor and outdoor
concentrations, as described in eqn (1):18

dC

dt
¼ lCout � lC (1)

where the change in time (t) of indoor concentration (C) of CH4

is described by the air exchange rate (l) and the outdoor
concentration (Cout).

The room AER was calculated from the average decay of CO2

aer releases (performed multiple times per season). In each
season, the calculated lag time (converted to an air exchange
rate) fell between ventilation rate and room AER. In winter, the
ventilation and room AERs were 0.39 and 3.5 h�1 and in
summer, 0.17 and 4.1 h�1. Seasonal differences are reective of
operational changes in the HVAC system.
2.4 Organic and inorganic nitrate aerosol

Nitrate has been separated into contributions from inorganic
nitrate (iNO3) and organic-nitrate (oNO3) based on the ratio of
high resolution NO2

+ to NO+ ions.49,50 Measured nitrate frag-
ments NO+, and NO2

+ can originate from organic (i.e. RONO2) or
inorganic (i.e. NH4NO3) molecules. The ratio R of NO2

+ to NO+

fragments used in eqn (2) are dened as follows:
2.4.1 RoNO3. Organic nitrates, was given a value of 0.1,

based on published measurements of organic nitrates.49

2.4.2 Rcalib. For inorganic nitrate, is calculated as a static
value from ammonium nitrate calibrations. The value varies in
each AMS instrument and its history. As a result, the value of
Rcalib was slightly different between winter (0.79) and summer
(0.70).

2.4.3 Rmeasured. The time-varying ratio of NO2
+ to NO+ ion

fragments measured in the AMS during sampling.
Using these values, the fraction of organic nitrate signal of

the total nitrate signal can be calculated as using the formula:50

oNO3;frac ¼
�
1þ RoNO3

�ðRmeasured � RcalibÞ
ð1þ RmeasuredÞ

�
RoNO3

� Rcalib

� (2)

The fraction of inorganic NO3 is therefore the difference
between 1 and oNO3,frac, and the mass of iNO3 and oNO3 is the
fraction multiplied by the total nitrate signal. While the detec-
tion limits of individual fragments were veried throughout
This journal is © The Royal Society of Chemistry 2019
each season, no detection cutoff was used for separating
organic from inorganic, as suggested in Kiendler-Scharr
(2016).50

2.5 Positive matrix factorization

Positive matrix factorization (PMF) was used to analyze the
organic aerosol (OA) in each season. PMF51 is a receptor model
that mathematically decomposes a total signal into a linear
combination of factors. This technique can identify the relative
contributions of OA types for AMS data.52,53 Determination of
the nal PMF result for each season included comparisons
between seasons and with published spectra, which will be
discussed in the results section. For each season, PMF was
applied to the organic mass spectral matrix using the data from
both indoor and outdoor inlets collectively. Additionally, indoor
only and outdoor only datasets were analyzed separately to
conrm the consistency of the PMF solutions between the
individual (indoor-only and outdoor-only) and the combined
dataset. We present only the results of the combined dataset
here.

2.6 Aerosol liquid water from Köhler theory

The aerosol liquid water content in each environment was
calculated as a function of relative humidity and their chemical
composition. Petters and Kreidenweis54 proposed a single value
to account for the hygroscopic properties of a chemical species
using k, dened by the relationship between the volume of the
dry particle VS, the volume of water VW, and the water activity aw
as:

ki ¼ VW

VS

�
1

aw
� 1

�
(3)

assuming the Zdanovskii–Stokes–Robinson (ZSR) rule of mixing
applies, a multi-component mixture kmix can be described as
the sum of the k of individual components, i, weighted by the
volume fraction (3) of that component:

kmix ¼
X
i

3iki (4)

For use with AMS data, the form of the measured species (i.e.
SO4 as H2SO4 or (NH4)2SO4, etc.) was based on a pairing scheme
for inorganics55 and the fraction of signal at m/z 44 (f44) for
organics.40

The growth factor (GF) at any relative humidity is described
by the ratio of the diameter of a wet particle at that relative
humidity, DRH, and dry diameter D0, or GF ¼ DRH/D0. Rear-
ranging and converting the diameters to spherical volumes and
using eqn (3) and (4), the growth factor of a multicomponent
mixture at a given RH (here aw used as equivalent to fractional
RH), is calculated by:

GFmix ¼
 X

i

3iðGFiÞ3
!1=3

(5)

and the aerosol liquid water (ALW) of an aerosol at that RH can
be calculated by:
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 531
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ALW ¼ VS(GFmix
3 � 1) (6)

With a known aerosol composition via the AMS and aethal-
ometer, the dry volume can be calculated. Of note, this calcu-
lation does not explicitly require a known aerosol diameter or
size distribution, and does not take into account hysteresis
effects which could be important in this dataset, since T and RH
extremes in each season will occur in the HVAC system. We do
not have measurements of T and RH in the HVAC, and calcu-
lations of aerosol liquid water therefore reect the conditions of
the indoor classroom or outdoors.

3. Results and discussion
3.1 Meteorological conditions

Fig. 1 shows the measured indoor and outdoor temperatures for
the two measurement campaigns discussed here. Seasonal
differences in Philadelphia are clearly observed in temperature
differences and variability (e.g. Taverage � standard deviation).
Outdoor T was 27 � 3 �C during summer and 4 � 6 �C during
winter. Extremes in winter temperatures were coincident with
storms with a low of �14 to a high of +18 �C. Summer
temperatures uctuated almost exclusively in diurnal patterns.
RH varied over a similar range in each season, summer 62 �
15% and winter 56 � 17%, but again diurnally dependent in
summer with winter RH driven by larger scale meteorological
inuences. The winter season experienced episodes of higher
wind speeds (>6 m s�1) corresponding to winter storms that
brought snow while summer thunderstorms were not associ-
ated with high wind. Occasional summer thunderstorms
brought changes in T and RH but not in measured aerosol
species. Full meteorological data can be found in Fig. S2.†

Indoor T in both seasons varied very little: virtually
unchanging (18 � 1 �C) in summer, and in winter (22 � 3 �C),
somewhat inuenced by a period of extreme cold (below�10 �C
outdoors corresponding to the indoor minimum) with
measurable warming while occupied. The RH, however, varied
greatly during the winter (26 � 9%), roughly following
temperature uctuations outdoors, and was constant in
summer (55 � 2%), regardless of outdoor RH. This constant
Fig. 1 Measured outdoor and indoor temperature (red lines) and relativ

532 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
indoor RH is expected from thermally well-controlled environ-
ments, including classrooms and offices. Comparisons of
environmental conditions between indoors and outdoors as
shown in Fig. 1 indicate that the HVAC system in both winter
and summer was largely independent of weekday/weekend
variations, and mostly independent of outdoor conditions
with the exception of the very cold outdoor period in winter
lowering indoor T by several degrees.

To understand the effects of both environments, the T and
RH gradients between outdoors and indoors were used to
investigate compositional changes between environments. The
temperature gradient is dened as (indoor T � outdoor T), and
the RH gradient dened as (outdoor RH � indoor RH). These
were dened so that for both gradients, positive values indicate
conditions that promote volatilization or thermodynamic
aerosol losses, and the negative values are conditions that favor
condensation or thermodynamic aerosol addition. This
gradient difference was not prescribed as in thermodenuder
experiments, but a result of natural outdoor variations and
HVAC control of indoor conditions. The two-dimensional T and
RH gradients for both winter and summer measurements are
displayed in Fig. 2. The grid areas in Fig. 2 are colored by the
number of measurements corresponding to that particular
combination of T and RH gradients. Together, the two seasons
span RH gradients from �18 to +62%, with signicant overlap
between seasons. The T gradients span from �18 to +29 �C and
do not overlap between seasons. This set provides interesting
analytical continuity in humidity, but with seasonal-based
distinctions in temperature. An important note is the largest
T gradient (�+25 �C) corresponds to the lowest T conditions in
both environments (��10 �C outdoors, �15 �C indoors).
Additionally, we note that the indoor temperature in summer
was�4 �C cooler than the average indoor temperature in winter.
3.2 PMF results

PMF results from both seasons identied three organic aerosol
(OA) factors in common: oxygenated (OOA), hydrocarbon-like
(HOA), and cooking (COA) aerosol. In summer, an additional
factor contained signicant contribution of reduced-nitrogen
e humidity (blue lines) in winter and summer seasons.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Heat map showing the temperature and relative humidity
differences between the indoor and outdoor environment. Pixel color
shows the number of observations of a specific temperature and RH
difference, white color indicates no observation. During winter,
temperature and RH differences were all greater than 0, but during
summer, the temperature gradient was negative and the humidity
gradient varied. However, the number of points at each temperature
and humidity gradient varied greatly, even sometimes for gradients
near each other.

Table 1 For each season and aerosol component, the campaign-
average concentration, and quartile statistics for (I/O)i/SO4

as visualized
in Fig. 6

Species or
factor

Winter
conc.
(mg m�3)

Summer
conc.
(mg m�3)

Percentiles for
(I/O)i/SO4

winter

Percentiles for
(I/O)i/SO4

summer

Out In Out In 25th 50th 75th 25th 50th 75th

SO4 0.86 0.28 1.40 0.43 — — — — — —
NH4 0.63 0.07 0.44 0.05 — — — — — —
NO3 1.35 0.13 0.23 0.04 0.24 0.35 0.49 0.59 0.75 0.93
iNO3 1.11 0.09 0.11 0.01 0.17 0.28 0.41 0.43 0.65 0.91
oNO3 0.24 0.04 0.11 0.03 0.43 0.57 0.72 0.64 0.79 0.96
Org 3.24 1.14 5.98 2.22 0.88 1.00 1.17 1.07 1.17 1.29
HOA 0.69 0.29 0.46 0.26 0.94 1.24 1.77 1.36 1.96 2.89
COA 0.69 0.33 1.69 0.43 1.00 1.24 1.70 0.66 0.75 0.88
OOA 1.85 0.53 3.72 0.63 0.71 0.82 0.91 0.41 0.51 0.59
BC 0.62 0.25 0.74 0.41 0.93 1.18 1.62 1.29 1.80 2.80
THS — — 0.14 0.88 — — — — — —
Total 6.96 1.94 9.21 3.25 — — — — — —
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species linked to third hand smoke (THS). This factor was found
to be predominantly indoors (median I/O ¼ 7.6) and has been
discussed separately.15 Full mass spectra for each factor and
each season are shown in the SI Fig. S3.†While the PMF results
here are common between seasons, each season was investi-
gated and the appropriate PMF solution was determined sepa-
rately. Therefore, there are some seasonal differences between
them. Diurnal variations discussed in the next section further
support the factor identication for each season. Correlation
with published spectra was generally higher for wintertime
factors than summertime, so for convenience, the correlation
values listed here are only the lower of the two seasons.

In both seasons, OOA was more similar to low volatility
oxygenated OA (LV-OOA, R2 > 0.9) than semi-volatile oxygenated
OA (SV-OOA, R2 > 0.72)56,57 published factors. However, between
less-oxidized oxygenated OA (LO-OOA) and more-oxidized
oxygenated OA (MO-OOA), the OOA correlated slightly better
with LO-OOA (R2 > 0.92) than MO-OOA (R2 > 0.89).58 Between
winter and summer, the two OOA factors correlated very well (R2

¼ 0.97). However, wintertime OOA was less oxidized and
exhibited a lower O/C ratio and higher H/C ratio (winter O/C
0.43 and H/C 1.31; summer O/C 0.59 and H/C 1.23).

HOA was characterized by prominent mass fragments at
unsaturated and saturated hydrocarbon chain pairs m/z 41 and
43 (C3H5 and C3H7), and m/z 55 and 57 (C4H7 and C4H9), which
are representative of lubricating oils and incomplete combus-
tion and.59,60 HOA was highly consistent between seasons (R2 ¼
0.93) and well correlated with other urban HOA spectra (R2 >
0.90).56,58,61 The ratios of H/C 1.83 and 1.84, O/C 0.1 and 0.05 for
summer and winter respectively further indicate the robustness
of this factor mass spectrum across seasons.

COA was characterized by both oxidized and unoxidized
fragments at m/z 43 (C2H3O and C3H7) and m/z 55 (C3H3O and
C4H7), due to aliphatic acids from cooking oils and meat, and
was somewhat different between seasons, due to signicant
contribution frommore oxidized fragment components C2H3O

+

and CO2
+ in summer. Wintertime COA (O/C 0.11, H/C 1.61)
This journal is © The Royal Society of Chemistry 2019
correlates very well with previously published wintertime
spectra (R2 ¼ 0.95),61 but inter-seasonal correlation is the lowest
of the three at R2 ¼ 0.79. Identication of COA in the
summertime was more dependent on the overall fragment
signature of mixed hydrocarbon and oxidized series above m/z
50 and a diurnal pattern corresponding to the nearby food
vendors. Summertime O/C 0.21 is high (and H/C 1.41 low) for
COA, and may be a result of some spectral mixing with the OOA
factor. In general, O/C ratios for all factors were higher in
summer than winter.
3.3 Seasonal trends in outdoor aerosol composition

Total submicron outdoor aerosol concentrations were similar
between seasons with an average of 6.96 mg m�3 in winter and
9.21 mg m�3 in summer, and ranged from 2.58 to 25.9 in the
summer, and 0.63 to 24.7 mg m�3 in the winter. Compositional
differences were notable between seasons. Outdoor organics,
ammonium sulfate, and black carbon were slightly higher in
summer, while ammonium and nitrate were much higher in
winter. Average concentrations for all species can be found in
Table 1. Summer was characterized by consistent and stable
high organic aerosol, comprising 74% of AMS-measured
species. In wintertime, that fraction was reduced to 52%,
closer to other urban areas in humid continental climate
zones.11–13,62 Winter was characterized by storm meteorology-
driven highs and lows, as well as short duration spikes in
organic aerosol concentration, likely from local sources.
Complete time series of the outdoor concentrations in this work
are displayed in Fig. 3. Stagnation and high RH in winter
produced prominent peaks in ammonium nitrate, with
concentrations exceeding the organic aerosol concentration.
High nitrate (20 to 30%) is common in wintertime traffic-
dominated cities61 due to its semi-volatile tendency to prefer-
entially partition to the particle phase at ambient winter
temperatures, but to the gas phase at summertime tempera-
tures. In summer, overnight (10 PM to 2 AM) spikes in sulfate
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 533
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Fig. 3 Full stacked time series of AMS and aethalometer data for outdoor and indoor in winter (top pair) and summer (bottom pair).
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and corresponding ammonium from an unidentied source
were common.

3.3.1 Outdoor aerosol species trends and diurnal patterns.
Summary average diurnal patterns of all measured aerosol
species can be found in Fig. 4. Outdoor sulfate concentrations
(panels a, b) showed little variation in diurnal pattern and
similar concentrations across seasons near 1 mg m�3 indicative
of regional (non-local) steady emissions. Ammonium is associ-
ated with both semi-volatile nitrate and non-volatile sulfate,
and its diurnal pattern reects that combined effect.

Aerosol nitrate shows very different seasonal trends. In the
winter dataset, aerosol nitrate is predominately inorganic and is
534 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
the largest inorganic contributor to aerosol mass. During
episodic buildup of aerosol mass, some peaks exceeded 4 mg
m�3 which were 3 � the study average (see Fig. 3). The diurnal
pattern of nitrate in the winter (Fig. 4c) shows the highest
concentrations at night, with the minimum during early aer-
noon hours. In winter, only 15% of total nitrate is organic
nitrate. The organic nitrate diurnal pattern is different from
inorganic nitrate, showing a slight increase in concentration
around 7 AM, and peak concentration during the daytime
hours. In the summertime dataset, total nitrate is a weak
contributor to aerosol mass with a summertime average
concentration at only 11% of the average winter concentration
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Median diurnal patterns of each measured and calculated aerosol species in winter (left) and summer (right) as outdoor (solid) and indoor
(dashed) lines. Sulfate, ammonium, and aerosol liquid water (a, b), total nitrate and its organic and inorganic fractions (c, d), total organics and the
PMF components (e, f), and traffic-related components (g, h) of BC, CO, and HOA. Summertime nitrate (d) is magnified by 5 for visual
enhancement, and the PMF factor THS was only observed in summer (f) and not winter (e).
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of nitrate. Most of this seasonal difference comes from much
lower inorganic nitrate concentrations, which in summer is
only 7% of that in winter, while summer organic nitrate is
a more comparable 37% of winter organic nitrate concentra-
tion. This observation is consistent with inorganic nitrate being
more volatile as compared to organic nitrate, and consequently
less likely to be in the aerosol phase. In summer, organic and
inorganic contributions to total nitrate signal are roughly equal.

Aerosol liquid water (ALW) in winter has an average outdoor
and indoor concentration (�standard deviation) of 2.6 � 3.9 mg
m�3 outdoors and only 0.11 � 0.06 mg m�3 indoors. In summer,
the decrease in concentrations upon transport indoors is much
smaller, and similar to aerosol species at 2.7 � 2.5 mg m�3
This journal is © The Royal Society of Chemistry 2019
outdoors and 0.53 � 0.24 indoors. This mass concentration is
similar in concentration to all of the inorganic species
combined. The ALW concentration follows the diurnal trends in
RH and nitrate as described above, but is muchmore consistent
across seasons. The implications of indoor ALW are discussed
further in Section 3.4.

COA diurnal patterns (Fig. 4e and f) show different patterns
by season. Both summer and winter show COA concentrations
that start to increase around 9 AM and reach a maximum
around lunch time. This trend is likely strongly inuenced by
the nearby food truck emissions as seen previously.14 Food
trucks end service around 6–7 PM, and in the winter dataset the
decrease in COA diurnal concentration follows that trend. The
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 535
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summertime diurnal pattern demonstrates a decrease in COA
concentration aer lunch followed by a second peak in COA
concentration during evening hours (6 to 8 PM). This second
peak in summertime COA may be indicative of inuence from
additional cooking sources in the larger area around the
sampling site. Outdoor cooking and grilling is common
throughout the city and much more common in the summer-
time than other seasons.

Seasonal differences in the OOA diurnal cycle (Fig. 4e and f)
are clearly apparent. Summer OOA has a diurnal pattern which
peaks during the early aernoon similar to ozone indicating
photochemical production as has oen been seen.63,64 However,
the wintertime OOA diurnal pattern decreases during the day,
likely due to boundary layer dilution (see Fig. 5 for meteoro-
logical and gas-phase indicators of boundary layer). This
decrease in concentration also follows trends in aerosol
Fig. 5 Average diurnal patterns of meteorological data and measured g
humidity (a, b), solar radiation and ozone (c, d), methane and CO (e, f), CO
right axis), outdoor are shown in solid lines and indoor in dashed lines.

536 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
inorganic nitrate and RH, suggesting possible dependency on
an aqueous phase, while the opposite is observed in summer.

Black carbon, CO, and HOA (panels g, h) exhibit diurnal
patterns consistent with traffic emissions in each season, with
CO and HOA having the most similar pattern. In contrast with
CO and HOA, concentrations of BC were higher in summer than
winter, resulting in a higher HOA/BC ratio during the colder
winter measurements as compared to the summer. HOA/BC
ratios have been discussed at length previously65 and will be
compared between indoors and outdoors below.

3.3.2 Indoor aerosol species trends and diurnal patterns.
Indoor aerosol concentrations (dashed lines in Fig. 4) in both
seasons are characterized by low nitrate, ammonium, COA,
HOA, and ALW. All measured aerosol components follow the
temporal trends of their outdoor counterparts, albeit at lower
concentrations (the one exception is the third hand smoke
as-phase species in winter (left) and summer (right). Temperature and

2 (g, h). With the exception of CO2 (indoor on left axis and outdoor on

This journal is © The Royal Society of Chemistry 2019
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factor (THS) which described in depth elsewhere15). Nitrate is
especially low, even when it is high outdoors in winter, and
barely contributes indoors with average concentrations of
organic and inorganic nitrate < 0.1 mg m�3 in both seasons. In
addition to the lower concentrations observed indoors, each
aerosol component shows a smoothed timeseries, and lags
behind outdoor concentration uctuations due to ventilation
rate andmixing considerations. Importantly, some components
like sulfate are similar across seasons. OOA in each season does
vary with time of day, but less dramatically than outdoors. Black
carbon consistently follows outdoor levels in both seasons as
expected for a non-volatile, outdoor primary aerosol source.

Indoor HOA in summer did not track the outdoor HOA well
during the daytime similar to previous observations.14 HOA/BC
values in both seasons show an increase indoors compared to
out. In the winter measurements, the HOA/BC value increased
from 1.12 (R2 ¼ 0.66) outdoors to 1.46 (R2 ¼ 0.53) indoors.
Summertime HOA/BC values increased from 0.52 (R2 ¼ 0.33)
outdoors to 1.54 (R2 ¼ 0.14) indoors, although the correlation at
low loading was poor. Since BC is a non-volatile tracer and
generally associated with diesel emissions in the absence of
strong biomass signal, and HOA is a volatile species,24,26 varia-
tions in the HOA/BC ratio are indicative of mass addition of
chemical species similar to HOA. The outdoor HOA/BC ratio is
inversely correlated with outdoor temperature in both seasons
(R2 ¼ 0.24). These relationships are shown in more detail in
Fig. S4.†

3.3.3 Outdoor gas-phase trends and diurnal patterns.
Measured gas phases species showed seasonally-dependent
trends. Meteorological and gas-phase diurnal average patterns
are shown in Fig. 5. All measured gas-phase species (CO2, CO,
CH4, O3) demonstrated a similar pattern between seasons, but
diurnal variations are less pronounced, and concentrations are
generally higher in winter than summer. Measured CH4

concentrations were slightly higher in the wintertime (panels e,
f). Summertime CH4 diurnal trends showed a more pronounced
cycle, 0.05 ppm lower at the daytime minimum than in
wintertime. CO was elevated during traffic rush hours along
with enhanced concentrations of BC and HOA, as shown in
Fig. 4. CO2 followed the combined trends CH4 and traffic-
associated CO. While the diurnal pattern of ozone in the
summer is more pronounced, the peak ozone values were
similar between seasons. However, as Fig. 5 shows, ozone
outdoors in summer rose and fell in specically diurnal
patterns, while ozone in winter was relatively constant and
elevated (except for times of CO, CO2, and CH4 plumes).
Concurrent plumes of CH4, CO, and CO2 exceeding 0.5 ppm CO
and 2.6 ppm CH4, coinciding with negligible ozone, lasting�12
hours occurred in winter. A full time series of these species can
be found in Fig. S5.†

3.3.4 Indoor gas-phase trends and diurnal patterns.
Indoors, concentrations of CO and CH4 indicate a little to no
contribution from indoor sources, and are predominantly
controlled by air exchange with the outdoors. The diurnal
pattern of CH4 (Fig. 5) indicates that the average CH4 is higher
indoors than outdoors, which is the result of low ventilation
rate (0.4 h�1 in winter and 0.17 h�1 summer) and/or potentially
This journal is © The Royal Society of Chemistry 2019
inuenced by a small unidentied indoor source. Peaks in
outdoor CO and CH4 linger indoors long aer the outdoor
concentrations return to background values, especially in
summer when the ventilation rate was lower. This effect is
observed in Fig. S5.† The CO2 concentration indoors uctuated
during weekdays due to occupants in both in the classroom
itself and the rooms on the same HVAC zone. In summer, when
the room (but not the HVAC zone) was generally unoccupied (no
scheduled classes), the peak CO2 reached 872 ppm, compared
with wintertime concentration peaking at 1110 ppm when
scheduled classes were common. This seasonal difference is
also observed in the daily patterns of CO2 concentrations.
Summertime CO2 followed a smooth pattern of gradual rise in
the morning and fall in the evening due to no direct emissions
in the classroom and the well mixed recirculated air smoothing
the impact of occupancy throughout the HVAC zone. However,
in winter, the direct inuence of classroom occupant emissions
is visible with CO2 concentrations showing steep increases and
decreases multiple times in a single day, and the impact of
evening classes as an additional bump in the winter CO2

diurnal. Ozone concentration is nearly always close to detection
limit of 1 ppb indoors, due to indoor deposition and reaction
mechanisms that have been widely described previously.66–68

That said, the summer indoor concentration does show
increases with outdoor photochemically produced O3 in mid-
aernoon. Products of ozone reactions, especially with occu-
pants, will be examined in future work.
3.4 SO4 normalized I/O ratios

The sulfate-normalized indoor/outdoor ratio, denoted herein as
(I/O)i/SO4

(see Section 1.2), of each species and PMF factor from
AMS and aethalometer data is displayed in Fig. S6,† and
summarized in Fig. 6 and Table 1. Nitrate and the OOA factor all
have median (I/O)i/SO4

ratios less than unity, indicating an
additional loss mechanism compared to sulfate in both
seasons. In contrast, black carbon, HOA, and COA have median
(I/O)i/SO4

ratios greater than unity, indicating either less loss
than sulfate from ltration and deposition, or an additional
indoor source. Inter-seasonal trends reveal more about the
behavior of each species.

Observed trends in nitrate are consistent with its semi-
volatile nature. The heating of buildings well over the outdoor
temperatures in winter drives more nitrate components into the
gas phase than in the summer when the outdoor-to-indoor
temperature gradient is reversed. In both seasons, (I/O)NO3/SO4

is less than unity, with median value of 0.35 in the winter and
0.75 in the summer, indicating no source indoors or conden-
sation of nitrate components from the gas phase. Even with
cooler indoor temperatures compared to outdoors in the
summer, nitrate still shows losses in addition to those attrib-
utable to mechanical loss by ltration and deposition. The
(I/O)i/SO4

of organic (oNO3) and inorganic (iNO3) nitrate in each
season follows a similar trend with higher (I/O)i/SO4

ratios in the
summer than winter (seasonal differences in NO2

+ to NO+ ratio
are shown in Fig. S7†). Fig. 6 illustrates that overall oNO3 have
consistently higher (I/O)i/SO4

ratios than iNO3 in both seasons.
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 537
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Fig. 6 The sulfate-normalized I/O ratio ((I/O)i/SO4
) for each chemical component in each season. Values less than one indicate additional losses

such as volatile losses, while greater than one indicates fewer losses or an indoor source.
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This trend is likely reective of volatility differences between
oNO3 and iNO3. Note that the normalized I/O ratios for iNO3 in
summer span a very wide range due, in part, to its low
concentrations and associated error when taking ratios of low
concentrations.

Both HOA and BC show signicantly higher concentrations
outdoors than indoors, and their indoor concentrations are
likely due to outdoor sources in this classroom environment.
Black carbon and HOA trend together and have similar (I/O)i/SO4

distributions in each season (BC and HOA median 1.18 and
1.24, respectively, in winter, and 1.80 and 1.96, respectively, in
summer). Their (I/O)i/SO4

ratios are typically above unity, and
vary similarly with a large spread across a wide range of values,
indicating similar sources. In contrast with sulfate, which has
a at diurnal pattern indicative of a regional source, HOA and
BC are strongly linked to traffic emissions with strong local and
diurnal character. Their (I/O)i/SO4

ratios are also typically above
unity, potentially because black carbon and HOA may have less
indoor mechanical losses than sulfate aerosol, and the (I/O)i/SO4

ratio implicitly assumes internal mixing and associated similar
mechanical losses indoors.

It is likely that external mixing of aerosol populations may be
the reason for this trend, since on short timescales whenmixing
freshly emitted traffic emissions into the regional plume there
will be external mixing of aerosol populations (e.g. Rissler
et al.69). Since the (I/O)i/SO4

ratio implicitly assumes internal
mixing and similar mechanical loss, and this is not valid for
external mixtures, values in both seasons above unity may be
due to less mechanical (e.g. ltration and depositional) losses of
these traffic particles.

Additionally, since summertime (I/O)i/SO4
values of BC and

HOA are higher than values in wintertime, variations in the
HVAC operation may explain that difference. Summertime RH
levels and HVAC cooling coil operation will serve to increase
water content of hygroscopic accumulation mode particles,
potentially activating them to droplets, compared to the non-
hygroscopic traffic related particles.72 This could increase the
538 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
effective size of accumulation mode particles in the summer-
time, and subsequent higher ltration efficiency may explain
the higher (I/O)i/SO4

values for BC and HOA in that season.
Fig. S8† shows that the size dependent ltration efficiency of m/
z 57 (a proxy for traffic particles) has a more similar indoor/
outdoor ratio than sulfate at smaller sizes and a higher ratio
than sulfate at larger sizes.70,71 This is more dramatic for the
summer data than for winter, consistent with HVAC-associated
losses of hygroscopic components. However, the I/O ratios of
hygroscopic sulfate are comparable (0.35 in winter and 0.31 in
summer).

A shi in the proportional contribution of different sources
or age of BC between seasons could also contribute to this
seasonal trend. Given the differences in slope and regression of
the HOA/BC ratio between seasons (see Fig. S4†), there are likely
some differences in emission sources between seasons. Addi-
tionally, wintertime build-ups of aerosol mass could have aged
BC and made it more internally mixed with regional aerosol.

It is also important to note here that, previous work by
Johnson et al. (2017)14 found an enhancement of HOA indoors
without a corresponding increase of BC. Using the same
procedure to calculate BC-associated HOA indoors using the
observed outdoor ratio shows that for this study most of the
HOA indoors can be linked to BC and therefore due to outdoor-
to-indoor transport (see Fig. S4†). While measurements for the
previous study were done in the same building, they were per-
formed in a separate part of the building with a different HVAC
system and 100% outdoor air operation (no recirculation).
Differences between these studies highlight the heterogeneity
of indoor spaces even within the same building.

For OOA, the (I/O)OOA/SO4
value has a different seasonal

relationship, with summer showing lower sulfate normalized
ratios than winter. Seasonal differences in the OOA diurnal
patterns indicate that much of the summertime OOA is formed
locally through photochemical production due to its similar
diurnal patterns as outdoor ozone, whereas the wintertime OOA
appears to be more regional and therefore aged, and varies
This journal is © The Royal Society of Chemistry 2019
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inversely with boundary layer height. With this trend in mind, it
is likely that the summer time OOA is more volatile than the
wintertime OOA.26,63 Additional losses may also be due to HVAC
operational differences by season. Summertime air condi-
tioning condenses water and gas-phase water-soluble materials
in the aqueous lms of the system cooling coil. We hypothesize
that this process would lead to losses of water-soluble compo-
nents as that water is drained and removed from the system and
then replenished. Many types of OOA and their gas-phase
counterparts are water-soluble. Depletion of gas-phase species
through loss to aqueous lms will lead to the need to re-
establish equilibrium when the air leaves the HVAC system,
resulting in loss of particle based OOA components to the gas
phase, and likely contribute to the observation that (I/O)OOA/SO4

are less than unity in both seasons.73

COA exhibits the largest inter-seasonal variation in (I/O)i/SO4

in both median value and range. This variability is likely due to
an indoor source of COA or an indoor source chemically similar
to COA. Unlike other species where (I/O)i/SO4

is large (including
HOA), inspection of the COA time series reveals several
instances of indoor concentrations exceeding outdoor concen-
trations, with the (I/O) and (I/O)i/SO4

both greater than unity in
the wintertime. Potential explanations for this include a cook-
ing source from recirculated office air (the smell of toast was
observed indoors) or differences in occupancy with regular
classes in the winter, but not in the summer. This seasonal
difference is important to note while discussing the seasonal
gradients.
3.5 Dependence of (I/O)i/SO4
ratios on T and RH gradients

By combining winter and summer datasets, the trends in
(I/O)i/SO4

ratios as a function of temperature and relative
humidity can be investigated and extend the single season
analysis by Johnson et al.14 Data from each season was
combined and T and RH bins were created by placing an equal
number of points in each bin instead of an evenly-spaced
temperature or humidity difference. This unfortunately
creates non-uniform bin spacing (more pronounced in T data),
but does not suffer from over-weighing sparse data. For
example, there are very few measurements made for a T
gradient between �5 and +5 �C but there are dozens of
measurements made for a temperature gradient of�10 to�5 �C
bin (see Fig. 2). Since the T differences are, by nature, segregated
by season (winter positive, summer negative), and the RH
differences are not (winter positive, summer both positive and
negative), and the RH range is much larger, examining the
ratios as a function of both T and RH provides important
information.

The (I/O)i/SO4
values as a function of T and RH gradients

between indoors and outdoors are shown in Fig. 7 and 8. Each
plot shows the statistical distribution of (I/O)i/SO4

data as a box-
whisker placed at the center of each T or RH bin. Regression
analysis on median values for each (I/O)i/SO4

are provided for
linear (black lines) and exponential (grey lines) ts to the full
datasets, while linear regression for each season separately is
demonstrated in red lines. The t parameters for each analysis
This journal is © The Royal Society of Chemistry 2019
are provided in Table 2. Additionally, a non-parametric LOESS
t as a function of T and RH are provided in Table S2† which
provides a stepwise linear t to the data with no assumption of
functional form. We provide the various regression analysis and
t parameters so that researchers who model the indoor envi-
ronment may be able to choose a scheme to implement in
indoor models of aerosol chemical species. Of note is that all
linear regressions agree in sign with those discussed in Johnson
et al.,14 for a similar single-season analysis in a different loca-
tion, except for those reported with effectively no correlation (R2

< 0.1). As seen in Fig. 7 and 8, the overall directional trend of
each species and PMF factor (I/O)i/SO4

are the same for both T
and RH gradients. This is expected since T and RH gradients are
broadly interrelated, with increases in T gradients having cor-
responding decreases in RH gradients. When split by seasons,
summer linear ts are better for the summer data than for
winter (except for BC). In general, the regressions are low due to
invariance in the (I/O)i/SO4

ratio over the season rather than
scatter (i.e. slopes < 0.01 correspond to R2 < 0.6).

The behavior of total aerosol nitrate is shown in Fig. 7a. Total
nitrate is lost in both seasons (almost all I/O ratio data is less
than unity), with the exponential t better capturing the at-
tening out at (I/O)NO3/SO4

of 0.37 for positive (in > out) T gradi-
ents. This attening indicates that potentially some limiting
factor could keep all of the nitrate from being completely
removed. This effectively full removal at low positive T gradients
could be why the regression for winter only is poor. This trend is
also consistent with thermodenuder data showing nitrate
remaining in the aerosol phase at temperatures exceeding
100 �C, albeit at higher values.26 Inorganic nitrate (Fig. 7b) and
organic nitrate (part c) have similar responses to the T gradient.
However, the asymptote at high indoor vs. outdoor T of oNO3 is
higher than iNO3, at 0.60 versus 0.31, respectively (see Table 2),
which is consistent for a less volatile species. For RH gradients,
a linear regression matches the trend for total nitrate, oNO3,
and iNO3 very well (total nitrate R2 ¼ 0.95). Note that the y-
intercepts 0.61, 0.52, and 0.72 for total, iNO3, and oNO3

respectively, are each less than unity. If T or RH gradients were
the only loss mechanism beyond the mechanical losses
observed for sulfate, the y-intercept from the linear regression
for aerosol nitrate species should be unity. This lower y-inter-
cept indicates that there is an additional loss process occurring
in addition to mechanical, and T or RH gradient related losses.

Trends in (I/O)Org/SO4
versus T and RH are shown in 7d and

are mostly all slightly above unity, with a weak decrease in T and
RH gradients. The variation in (I/O)Org/SO4

values is small
compared to nitrate with the box-whisker plots showing tighter
distributions in the summer (negative T gradients). The sepa-
ration of organics into components via PMF and the subsequent
T and RH gradient analysis is shown in Fig. 8. This gure shows
considerable differences in the various organic component
behaviors. These changes largely offset each other, and explain
why the observed total organic ratio (I/O)Org/SO4

is largely
invariable.

Trends over the whole range of T and RH gradients for OOA
are shown in Fig. 8, and indicate additional losses ((I/O)i/SO4

less
than unity) for both T and RH gradients. The variations,
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 539
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Fig. 7 Dependence of (I/O)i/SO4
on differences in temperature and humidity between environments for (a) nitrate, (b) inorganic nitrate (c) organic

nitrate, and (d) organics data have been binned by temperature or humidity differences, and the regression is of the median value of each bin.
Both temperature and humidity gradients favor volatilization in the positive direction. Complete statistics of the regression are listed in Table 2.
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however, are not t well and may be due to chemical differences
in the OOA factor between seasons as discussed during the
diurnal analysis. The T gradient plot (again, naturally separated
by season) shows somewhat different trends between seasons,
with a negative slope in summer (negative gradient values) and
at in winter. The positive trend between seasons is likely
explained by the differences in OOA volatility and formation
differences between the seasons as previously discussed in
section 3.4. This potential difference in OOA between seasons
complicates the RH gradient analysis where seasons overlap;
this is observed in the broad distribution of ratios seen for the
overlapping seasonal data in the 10 to 30% RH difference range.
Fig. S9† shows the season-separated binning and regression
lines, indicating that the summer regression has a negative
540 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
slope while the winter is at, similar to that observed with
temperature gradients.

For COA, the T and RH gradients in (I/O)COA/SO4
more clearly

shows disparities between seasons. In summer (negative T
gradients) there appears to be a slight decrease in median
(I/O)COA/SO4

similar to volatility-based removal, and all median
values are less than unity. However, in winter (positive T
gradients) the trend is reversed and the box and whiskers cover
a much broader range. This again indicates a COA source
indoors in winter that is not related to T or RH gradient. This is
likely due to high occupancy in the winter with occupants and
associated activities in adjacent spaces (e.g. use of toasters and
other office cooking products). The human contribution to the
indoor aerosol composition during the wintertime measure-
ments will be discussed in a future publication. In summer,
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Dependence of (I/O)i/SO4
on differences in temperature and humidity between environments for (a) OOA, (b) COA, (c) HOA, and (d) black

carbon (BC). Data have been binned by temperature or humidity differences, and the regression is of the median value of each bin. Both
temperature and humidity gradients favor volatilization in the positive direction. Complete statistics of the regression are listed in Table 2.
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there were no scheduled classes and overall student activities
were reduced. (I/O)COA/SO4

trends with RH gradient show an
increase in value with increasing RH gradient, but this is
complicated by seasonal overlap. For RH gradients observed in
both seasons (bins encompassing +10 to 30% gradient), the
(I/O)COA/SO4

values in the box whisker plot show broader
distributions.

For HOA, the (I/O)HOA/SO4
trends are quite large in the

summer (negative T gradient) and low RH gradient (<15%).
Similar to the general seasonal analysis (I/O)HOA/SO4

is nearly
always greater than unity with a clear trend in T and RH
gradients. As discussed above, the (I/O)HOA/SO4

value greater
than unity is likely due to external mixing of HOA containing
traffic particles and sulfate containing accumulation mode
particles. The strong dependence on T may be one or
This journal is © The Royal Society of Chemistry 2019
a combination of the following: additional gas to particle par-
titioning of HOA vapors at lower indoor T, enhanced loss of
accumulation mode particles in relation to traffic related
particles as a function of T, or an indoor source of HOA that is T
dependent. Comparing the characteristics of HOA and BC as
described below help to elucidate what mechanisms are
dominant. From the results of the work discussed here, it is
clear that there is evidence of external mixing and size
dependent differences in I/O ratios for the AMS traffic related
signal at m/z 57 (see Fig. S8†). Further work will need to be
performed with additional sampling locations to address
whether loss rate or potential sources (and location of those
sources e.g. HVAC, room, etc.) of HOA are more important.

While the total (I/O)HOA/SO4
and (I/O)BC/SO4

statistics for each
season are similar between HOA and BC (see Fig. 6), the trends
Environ. Sci.: Processes Impacts, 2019, 21, 528–547 | 541
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Table 2 For each AMS species or PMF-derived organic component,
summary statistics of regressions for I/O ratios of components i
normalized by the I/O ratio of sulfate (I/O)i/SO4

against indoor-to-
outdoor temperature differences (DTin–out) and humidity differences
(DRHout–in)

Species or
factor

Linear t of (I/O)i/SO4

against multi-season
DTin–out

Exponential t of (I/O)i/SO4

against multi-season DTin–out

Slope y-int R2 y0 A s

NO3 �0.012 0.61 0.77 0.37 0.56 9.9
iNO3 �0.011 0.52 0.66 0.31 0.58 7.04
oNO3 �0.007 0.72 0.53 0.6 0.36 6.58
Org �0.007 1.10 0.82 0.29 0.91 119.1
OOA 0.010 0.61 0.74 1.11 �0.65 45.1
COA 0.020 0.95 0.87 346 �345 1.7 � 104

HOA �0.032 1.76 0.73 1.2 1.58 6.8
BC �0.007 1.72 0.03 7.32 �5.51 1.87 � 1010

Species or
factor

Linear t of (I/O)i/SO4

against multi-season
DRHout–in

Exponential t of (I/O)i/SO4

against multi-season DRHout–in

Slope y-int R2 y0 A s

NO3 �0.012 0.81 0.95 �0.23 1.27 66.6
iNO3 �0.013 0.73 0.92 �0.013 0.73 0.92
oNO3 �0.007 0.84 0.84 �0.007 0.84 0.84
Org �0.003 1.16 0.81 0.93 0.29 67.2
OOA 0.004 0.55 0.58 67.8 �67.31 1.59 � 104

COA 0.010 0.77 0.64 467 �466 4.62 � 104

HOA �0.023 2.10 0.77 1.06 1.74 24.8
BC �0.021 1.98 0.74 1.17 1.54 18.2

Species or
factor

Linear t of (I/O)i/SO4

against summer DTin–out
Linear t of (I/O)i/SO4

against winter DTin–out

Slope y-int R2 Slope y-int R2

NO3 �0.034 0.42 0.95 0.002 0.36 0.04
iNO3 �0.044 0.23 0.97 0.007 0.20 0.44
oNO3 �0.029 0.53 0.94 0.006 0.49 0.22
Org �0.004 1.14 0.22 �0.004 1.06 0.12
OOA �0.010 0.41 0.52 �0.004 0.86 0.20
COA �0.016 0.61 0.82 0.021 0.94 0.60
HOA �0.122 0.93 0.88 �0.004 1.28 0.02
BC �0.030 1.62 0.40 0.093 �0.10 0.52
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versus T and RH gradients reveal differences. While (I/O)HOA/SO4

shows a decrease across T gradients from about 2.5 to just above
unity, BC shows little variation across T gradients with
(I/O)BC/SO4

ratios near 2 throughout. The consistently high
(I/O)i/SO4

values (much greater than unity) for both HOA and BC
are likely explained by relative loss rates of traffic and accumu-
lation mode particles, but there is little change over T or RH
gradients for non-volatile BC as compared to the volatile HOA.
Since (I/O)HOA/SO4

has a stronger dependence on T than (I/O)BC/SO4

for the summer season, the most likely explanation for the
observed HOA dependence is T driven partitioning. RH gradients
for (I/O)BC/SO4

indicate some dependence of BC similar to that
observed for HOA but not to the same magnitude.

HOA is known to be a semi-volatile OA component24,26 while
BC is not. As described in Section 3.3.1, the HOA/BC ratio
542 | Environ. Sci.: Processes Impacts, 2019, 21, 528–547
changes between environments and between seasons: winter is
higher than summer, and indoor is higher than outdoor in both
seasons. However, the correlation in summer is poor compared
with winter (R2 ¼ 0.33 versus R2 ¼ 0.66 outdoors), such that the
relative contribution of different sources of HOA and BC are
different. The outdoor HOA/BC ratio is correlated to outdoor T
(slope ¼ �0.009, R2 ¼ 0.69), across the almost 40 �C range of
observed outdoor T, indicating volatility-based differences
between BC and HOA contribute to differences between seasons
and environments. However, the range of values in summer is
considerably higher than winter (see Fig. S4†). Similarly, the I/O
ratio of HOA/BC (of note, not normalized by sulfate), shows
a weak decrease with T gradient (slope ¼ �0.007, R2 ¼ 0.24),
with what appears to be a downward slope in each season
independently. There is no correlation with the I/O ratio per RH
difference (slope ¼ 0.0001, R2 < 0.01).
3.6 Aerosol liquid water and implications for the indoor
environment

Aerosol liquid water (ALW) calculated from Köhler theory has
important implications for indoor chemistry and dynamics.30

Outdoors, over the lifetime of aerosols, ALW inuences parti-
tioning and chemical transformation of both organic and
inorganic aerosol components. The impact of ALW on organics
outdoors is not completely understood, but it has been shown
to participate in both reversible and irreversible uptake of
organics.74,75 In this work, the most water-soluble organic frac-
tion, OOA, trends diurnally with ALW in winter, but the reverse
is true in the summer, when outdoor OOA concentrations are
strongly driven by photochemistry.

Indoors, an aqueous phase or surface is also an important
part of understanding chemical behavior including partition-
ing, transformation, and subsequent exposure. Multiple studies
have examined the importance of humidity on ozone-terpene
reactions indoors, increasing mass loading and particle
formation.76–78 For this study, ALW indoors here is seasonally-
dependent, with both seasons showing lower ALW indoors
compared to outdoors.

ALW is driven strongly by the mass fraction of aerosol that is
hygroscopic,54 typically the inorganic salt components. In the
wintertime, the average nitrate concentration was higher than
summer, and additional build-up events lead to extremely high
nitrate concentrations, and enhanced ALW outdoors. Upon
transport to the indoor environment, the combination of
heating and lower RH drives the nitrate out of the aerosol phase,
and signicantly reduces the ALW of indoor aerosol in the
wintertime. In wintertime, the ALW difference between indoor
and outdoor is dramatic with high (2.6 � 3.9 mg m�3) outdoors
and extremely low (0.11� 0.06 mg m�3) indoors. In summer, the
lower-nitrate but humid environment outdoors gives similar
but more consistent ALW 2.7� 2.5 mg m�3. In contrast, summer
indoor ALW is much higher than during winter indoors at 0.53
� 0.24 mg m�3. As ALW is calculated from dry mass concen-
trations, the mechanical removal of mass upon transport to the
indoor environment contributes to the lower ALW
This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Distribution of liquid water normalized by the measured dry
aerosol mass for each season and environment. Winter and summer
have similar distributions outdoors (although slightly larger distribution
in winter), but in winter indoors, minimal ALW is observed, compared
with summer.
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concentration indoors. Therefore, the following section will
discuss ALW as normalized to dry mass.

Fig. 9 shows the distribution of ALW per dry aerosol mass in
each season and environment. Distributions of ALW are highly
variable outdoors since neither T or RH are controlled.
Maximum wintertime ALW are larger than in summer, but
wintertime increases in hygroscopic nitrate are mitigated by
higher humidity in summer, with the result of very similar ALW
outdoors between seasons. In the indoor environment, ALW
occupies a much smaller range of values due to the less variable
T and RH conditions of the classroom. In winter there is no
overlap between the indoor and outdoor environment, whereas
the summer time shows the indoor ALW varying roughly
between the 25th and 50th percentiles of the outdoor values.

Of importance to this discussion is also the role the HVAC
system plays in both regulating the indoor classroom environ-
ment and providing an extreme of T and RH which changes
seasonally. Wintertime aerosol passing through the HVAC
system as part of the air intake or recirculation will be heated to
temperatures of about 40 �C. These are the highest tempera-
tures and lowest RH values the indoor air will experience, and
will effectively dry out or effloresce aerosols. In summer, the
HVAC system works to cool the air and exposes air in the system
to temperatures of approximately 10 �C and generally
increasing RH to 100%, driving deliquescence of aerosol parti-
cles and condensation of water on chiller coils. The ALW pre-
sented in Fig. 9 show the calculated values for the room
conditions where the particles spend the vast majority of their
time, but these values will be much higher for indoor aerosols
in summer in the chilling portion of the HVAC and lower in
winter in the heating section. Differences in aerosol composi-
tion and chemistry at various stages of transport to the indoor
environment are beyond the scope of this study, but should be
investigated in future work.
4. Conclusions

This investigation of seasonal trends of outdoor and indoor
aerosols has improved our understanding of the link between
This journal is © The Royal Society of Chemistry 2019
indoor and outdoor air quality. The outdoor seasonal analysis
shows trends similar to those expected of an urban area, as
organics dominated outdoor aerosol in both seasons, and
nitrate was a major component in winter but not summer.
However, most human exposure to pollutants occurs indoors,
and outdoor aerosols are transformed before reaching indoor
spaces, and resulting indoor concentrations are a result of the
contribution of individual aerosol components, the HVAC
system inuence, and the environmental conditions (e.g. T,
RH). The sulfate normalized I/O ratio, called (I/O)i/SO4

, was used
to isolate chemically-specic changes to other aerosol species,
beyond aerosol mechanical losses. The broad range of condi-
tions sampled here, across several weeks in summer and winter
seasons in a highly controlled indoor space, provides
a comprehensive parameterization for analysis of these effects.
The (I/O)i/SO4

of nitrate, total organics, HOA, and BC are higher
in the summer season than winter, and the (I/O)i/SO4

are
described as a function of outdoor and indoor T and RH
gradients. These trends can be applied to indoor models to
better inform indoor aerosol dynamics and exposure. Aerosol
liquid water (ALW) inuences aerosol processing and is gener-
ally available outdoors in both seasons, but ALW is nearly
nonexistent in winter indoors, and higher but rather invariable
in summer indoors. This trend in ALW can have important
consequences for indoor chemistry. Connecting outdoor
pollutants to exposure indoors is a key challenge for human
health, and this work provides direct measurements of indoor
and outdoor aerosols, and parameterizations directly applicable
to future analyses.
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