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ABSTRACT: The hydroxyl radical (OH) is the dominant oxidant in the outdoor
environment, controlling the lifetimes of volatile organic compounds (VOCs) and
contributing to the growth of secondary organic aerosols. Despite its importance outdoors,
there have been relatively few measurements of the OH radical in indoor environments.
During the House Observations of Microbial and Environmental Chemistry (HOME-
Chem) campaign, elevated concentrations of OH were observed near a window during
cooking events, in addition to elevated mixing ratios of nitrous acid (HONO), VOCs, and
nitrogen oxides (NOX). Particularly high concentrations were measured during the
preparation of a traditional American Thanksgiving dinner, which required the use of a gas
stove and oven almost continually for 6 h. A zero-dimensional chemical model
underpredicted the measured OH concentrations even during periods when direct
sunlight illuminated the area near the window, which increases the rate of OH production by photolysis of HONO. Interferences
with measurements of nitrogen dioxide (NO2) and ozone (O3) suggest that unmeasured photolytic VOCs were emitted during
cooking events. The addition of a VOC that photolyzes to produce peroxy radicals (RO2), similar to pyruvic acid, into the model
results in better agreement with the OH measurements. These results highlight our incomplete understanding of the nature of
oxidation in indoor environments.
KEYWORDS: hydroxyl radical (OH), indoor oxidants, photochemistry

1. INTRODUCTION
The hydroxyl radical (OH) is the dominant outdoor oxidant,
but its potential importance indoors has only recently been
investigated. OH radical production outdoors occurs primarily
through ultraviolet (UV) photolysis of ozone (O3), nitrous
acid (HONO), formaldehyde, and other oxygenated volatile
organic compounds (VOCs) and has been extensively
studied.1−11 While solar UV light is strongly filtered by
windows, a significant fraction of wavelengths between 320−
400 nm can be transmitted and initiate indoor photochemistry,
raising the possibility of elevated radical concentrations
indoors and subsequent oxidation of VOCs.12−14 While
other photolytic radical sources require UV light at shorter
wavelengths, HONO can be a primary source of OH radicals
indoors since it photolyzes at longer wavelengths (R1) and has
indoor sources resulting in elevated HONO concentrations
compared to outdoors.15
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Human activities (e.g., cooking, cleaning) can alter the
composition of the indoor atmosphere. Gas stoves are a known
source of nitric oxide (NO) and nitrogen dioxide (NO2),

collectively known as NOX, as well as HONO.
16−19 These

reactive species not only provide a potential source of OH
radicals through HONO photolysis but can also (a) propagate
the radical cycle through reactions of NO with peroxy radicals
produced by the reaction of OH with VOCs (denoted by RH,
reactions R2−R4) as well as (b) terminate the cycle via the
reaction of OH with NO2 (R5R5).

20 The oxidation of VOCs
by OH leads to the production of oxygenated VOCs (R′O in
R3R3), which can lead to secondary organic aerosol formation
and potentially impact human health.21,22
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Only three previous studies have directly measured
concentrations of OH in indoor environments. Measurements
in a classroom found OH concentrations as high as 1.5 × 106
molecules/cm3.23,24 In comparison, typical outdoor concen-
trations of OH reach a maximum of 2−10 × 106 molecules/
cm3 at midday.25 The elevated indoor OH concentrations
occurred both when the windows were opened as well as when
the room received direct sunlight while windows were closed.
Steady-state comparisons and modeled analysis posited that
the main source of OH was the photolysis of HONO.23,24 In a
second study, OH concentrations of 4.0 × 106 molecules/cm3
were measured in a classroom during a cleaning episode using
limonene, a common ingredient in lemon-scented cleaners and
a source of radicals upon its reaction with O3. The ambient
concentration of OH increased to 1.8 × 107 molecules/cm3
when an air-cleaning device was operated near the sampling
instrument.26 A third, recent study focused on the effect of
different VOC concentrations from painted surfaces on indoor
radical concentrations. OH was measured at 6−10 × 105
molecules/cm3 in direct sunlight, in good agreement with a
zero-dimensional model.27

In this study, measurements of OH were conducted near a
window during several cooking experiments during the House
Observations of Microbial and Environmental Chemistry
(HOMEChem) campaign. While these measurements may
not be characteristic of the average household concentration
due to the short lifetime of OH,28 the observed concentrations
of OH were compared to the results of a chemical model to
determine whether known radical sources such as HONO
could explain the observed OH radical concentrations.
Interferences associated with the measurements of NO2 and
O3 during cooking episodes were also analyzed to determine
whether unmeasured VOCs may be responsible for the
observed interferences and potentially contribute to the
production of radicals during indoor cooking events.

2. EXPERIMENTAL METHODS
2.1. HOMEChem Study. The HOMEChem campaign was

a collaborative study designed to investigate the chemical
transformations in a residential environment during a variety of
realistic household events. The campaign took place during
June 1−28, 2018, in a previously unoccupied, 111 m2

manufactured home located on the J. J. Pickle Research
Campus of the University of Texas, Austin. The fan in the AC
system operated continuously to provide consistent mixing
within the house throughout the campaign at an equivalent
rate of 8 h−1. The house thermostat controlled the indoor
temperature at 25 °C by turning on and off the condenser and
cooling coil of the AC system. As the AC did not provide
outdoor air, a dedicated ventilation system was installed and
provided constant outdoor air supply to the house. The air
change rate (ACR) was continuously monitored and averaged
0.5 ± 0.1 h−1 throughout the whole campaign when the doors
and windows were closed.
While the HOMEChem campaign involved a variety of

cooking, cleaning, and other experiments,29 here, we focus on
two cooking experiments: the 12 June experiment featuring
repeated, stir-fry cooking events, and the 27 June experiment
replicating a traditional American Thanksgiving. Replications

of these experiments were also done, but the 12 June and 27
June days represent the most comprehensive data required to
constrain the model. On 12 June, the first cooking episode
used an electric hotplate, while the next three used a single
burner of the propane gas stove to cook the same meal. After
the first two trials, the house was extensively ventilated by
opening all windows and doors for 30 min approximately 1 h
after the cooking event ended. The final cooking trial occurred
after sunset. In each trial, three volunteers would enter the
house, cook, eat, and then leave so that the house was
unoccupied between trials. During the 27 June Thanksgiving
experiment, the gas burners and oven were used as needed, and
at times, all four burners and the oven were on simultaneously.
There were no dedicated ventilation periods, rather four
volunteers entered in the morning to cook, then nine others
entered in the afternoon to eat and clean before everyone left
around 17:00, local time.
Several instruments were used to characterize the indoor

environment, with locations shown in Figure S1 and
summarized in Table S1. Overall, instrumentation was
centered around the kitchen, where the majority of emissions
occur. However, the instrument size and logistical restrictions
prevented all instruments from being located in the kitchen. To
reduce concentration gradients, the AC fan was run
continuously, regardless of heating and cooling, mixing the
indoor air at a rate of 2000 m3 h−1 and resulting in a well-
mixed environment for compounds with a lifetime greater than
20 min. NO and NO2 were measured using a Thermo Fisher
model 42i TL monitor with a home-built blue light converter
(BLC) for the detection of NO2. NO2 was also measured using
a cavity attenuated phase shift (CAPS) instrument from
Environnement S. A. O3 was measured using a 2BTech model
202 instrument sampling near the kitchen (hereafter KIT O3)
and also using a Horiba APOA 370 instrument sampling from
before the cooling coiling of the AC within the air handling
unit (hereafter AHU O3). As the AC provided no ventilation
and only recirculation, concentrations from the AHU O3
represent the indoor air concentration. Polytetrafluoroethylene
(PTFE) filters were used to prevent particulate matter
interferences with gas-phase measurements. VOCs were
measured with a custom 4-channel gas-chromatograph
(GC),30 a proton transfer reaction-time of flight-mass
spectrometer (PTR-MS, Ionicon Analytik GmbH, Austria,
PTRTOF 8000), and a chemical ionization mass spectrometer
(CIMS, Tofwerk AG and Aerodyne Research Inc.) paired with
iodide chemical ionization with inlets located in the kitchen.
Photon flux from windows was measured with an Ocean
Optics USB4000 spectrometer equipped with a cosine
corrector.31 This spectrometer was located on top of the OH
instrument for the two cooking episodes examined. Photon
fluxes were used to calculate photolysis rates of relevant indoor
species. Concentrations of OH and photon fluxes likely
exhibited gradients due to the short lifetime of OH and the
large difference between indirect and direct sunlight. Because
of this, they were co-located near the window so modeled OH
concentrations could be compared to measurements. HONO
was measured using another CIMS (Tofwerk AG and
Aerodyne Research Inc.) instrument paired with acetate
chemical ionization32 sampling from an inlet in the kitchen
and also measured in the living room by a custom-built laser-
photofragmentation laser-induced fluorescence (LP/LIF)
instrument.33

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c05756
Environ. Sci. Technol. 2023, 57, 896−908

897

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c05756/suppl_file/es2c05756_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c05756/suppl_file/es2c05756_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c05756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.2. Measurements of Radicals during HOMEChem.
OH radicals were measured using a laser-induced fluorescence
instrument which has been described in detail elsewhere.33 In
this technique, OH radicals are detected after ambient air is
sampled through a pinhole inlet into a low-pressure cell
(approximately 0.26 kPa). The detection cell was located in
front of the westward-facing living room window, while much
of the chemically active emissions came from the kitchen,
approximately 5.5 m away.
A separate detection axis was deployed to measure HO2. In

this instrument, the addition of NO within the low-pressure
detection cell converts HO2 into OH through R4R4. The OH
is then detected by laser-induced fluorescence. This technique
is susceptible to interferences from peroxy radicals (RO2)
derived from the OH-initiated oxidation of alkenes and
aromatics, as these radicals can be quickly converted to HO2
(and subsequently OH) upon reacting with NO (R3R3).34

Because of this interference, measurements of peroxy radicals
are denoted as HO2*, defined as the sum of HO2 plus a

fraction of interfering RO2 radicals, and represent an upper
limit to the actual HO2 concentration.
In a trailer next to the test house, a tunable dye laser (Sirah

Credo) pumped by the second harmonic of a Spectra Physics
Navigator II YHP40-532 Nd-YAG laser produced approx-
imately 40 mW of radiation at 308 nm at a repetition rate of 10
kHz. A portion of the laser emission was transmitted to the
detection cells inside the test house via 12 m optical fibers
(ThorLabs), resulting in approximately 2−6 mW within each
cell. The OH fluorescence in each axis is temporally separated
from the laser excitation occurring at the same wavelength and
is detected with a gated microchannel plate photomultiplier
tube (Photek PMT325). To distinguish the OH fluorescence
from background signals such as scatter from the laser that
extends into the gated detection window, the laser wavelength
is varied on- and off-resonance with the Q1(3) transition of
OH at 308.1451 nm through spectral modulations. The net
OH fluorescence signal is derived by the subtraction of the off-
resonant signal from the resonant signal.

Figure 1. Measurements from the 27 June Thanksgiving experiment. Orange-shaded regions indicate periods of gas cooking. (a) Temperature and
relative humidity (b) alkene concentrations and both O3 instruments, with the KIT O3 divided by 10, (c) HONO and JHONO, (d) NO and both
measurements of NO2, (e) measured HO2* and modeled HO2 concentrations from the base and high O3 scenarios (see text), and (f) measured
and modeled OH concentrations from the base and high O3 scenarios. Green points in (f) indicate a period of increased human activity near the
OH instrument, potentially creating a local OH sink or sink of photolytic precursors resulting in lower concentrations.
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The sensitivity of the instruments to OH is calibrated
intermittently throughout the campaign using the photolysis of
water vapor at 185 nm as an OH source, as described
previously.35 The OH instrument had a limit of detection (1σ)
of approximately 6.2 × 105 and 1.2 × 106 cm−3 for the
Thanksgiving and repeated cooking experiments, respectively
(S/N = 1, 30 min average). The uncertainty associated with
the UV water photolysis calibration technique is estimated to
be ±18% (1σ).35 The conversion efficiency of HO2 to OH is
determined by adding NO to the OH calibration source, as the
photolysis of water vapor produces equal quantities of OH and
HO2.

35

2.3. Modeling OH Concentrations. The measured OH
concentrations were modeled using a zero-dimensional
chemical box model with the Regional Atmospheric Chemistry
Mechanism v.2 (RACM2)36 in the Framework for 0-D
Atmospheric Modeling (F0AM).37 The model was constrained
with measurements of VOCs, NO, NO2 (from CAPS), O3, and
measured photolysis frequencies. A list of all VOCs used to
constrain the model is included in Table S2. The model OH
concentrations were not sensitive to VOC concentrations, and
increasing or reducing total VOC concentrations by a factor of
two did not result in a difference greater than the model error
of ±15%. All constrained compounds had lifetimes longer than
20 min and are likely to be well-mixed within the house. Since

the photolysis frequencies were measured at the same location
as the OH measurements, this model should simulate the
concentration of OH near the window rather than a household
average. To account for heterogeneity in photolysis with direct
and indirect light coming in through windows (in addition to
artificial light), the measured photolysis frequencies under
indirect light were doubled in the model, similar to that done
previously.23,38 As a result, the modeled OH concentrations
during periods of indirect light (i.e., before 15:00) represent an
upper limit. To account for transport between the indoor and
outdoor environments, a loss pathway with a rate equal to the
air change rate of the house (approximately 0.5 h−1) was
applied to all chemical species in the model. While point
sources, such as the gas stove, could introduce gradients in
concentration that would not be captured in 0-D modeling, the
continuous operation of the fan in the AC system provided
constant mixing and minimized concentration gradients.

3. RESULTS AND DISCUSSION
3.1. Measurements and Model Constraints. Figure 1

shows the measured ambient concentrations of relevant species
and environmental parameters for the 27 June Thanksgiving
experiment. The temperature and relative humidity (RH;
Figure 1a) were largely controlled by the AHU of the AC and
cooling coil on−off operation, which was running throughout

Figure 2. Measured concentrations and environmental parameters for the 12 June repeated cooking events. Measurements include temperature,
relative humidity (a), O3, alkenes (b), HONO, light (c), NO, NO2 (d), HO2* (e), and OH (f). Modeled concentrations from the base model are
also shown in (e, f). Blue-shaded regions indicate ventilation periods while orange-shaded regions indicate the use of the gas stove.
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the day. AHU O3 concentrations were typically below 5 ppb
during the day. In contrast, KIT O3 displayed a significant
interference leading to reported mixing ratios as high as 60 ppb
(Figure 1b). AHU O3 may have been affected by the same
interference, as the observed increase to 4 ppb in the afternoon
(13:00−16:30) is unlikely, given the high concentration of NO
present at this time (approximately 900 ppb). This interference
will be discussed further in Section 3.4.
The alkene mixing ratios shown in Figure 1b represent a

subset of all VOC measurements and indicate emissions during
cooking. The majority of alkenes measured were mono-
terpenes (Figure S2) and the two peaks in the day (150−100
ppb) correspond to particularly fragrant events (i.e., cutting
citrus fruits at 11:50 and cooking celery, onion, carrots, and
sage at 14:00). The HONO and NO2 photolysis rate constants
(JHONO and JNO2, Figure 1c) clearly indicated the presence of
direct light on the LIF instruments from the west-facing
window from 15:00 until sundown as the spectrometer was
located in the living room near the LP/LIF instrument. From
sunrise until 15:00, indirect light was present in the living room
from both the west-facing window in the living room and the
east-facing window in the kitchen. The measured spectral
irradiance from the west-facing window is shown in Figure S3.
NO, NO2 (Figure 1d), and HONO (Figure 1c) increased
whenever the gas stove was in use.39,40 The NO2 concentration
measured by the CAPS instrument was significantly higher
than the NO2 concentration measured by the BLC monitor.
This discrepancy will be further discussed in Section 3.5.
HO2* concentrations (Figure 1e) reached a peak of 1.2 ×

108 molecules/cm3 at 18:00, during the period of direct
sunlight. This peak also coincides with the decrease in NO,
which represents a major sink of HO2. Measured OH
concentrations (Figure 1f) were above the limit of detection
of the instrument for most of the day. Measured concen-
trations in the morning were approximately 2 × 106 molecules/
cm3, increasing to approximately 6 × 106 molecules/cm3 at
15:15 when direct sunlight begins to illuminate the living room
area through the west-facing window. Due to the decreasing
HONO concentrations, this peak also corresponds to the
highest value of JHONO × [HONO]. The measured OH
concentration decreased between 15:35 and 17:00 (green
points in Figure 1f), when thirteen people were present.
During this time, the bulk of the activity also moved from the
kitchen into the living room, nearer to the OH instrument. A
recent study has shown that under low O3 conditions, the
surfaces of skin and clothing can act as a radical sink.41 It is
possible that this introduced new heterogeneity in VOC
concentrations and radical sinks resulting in a greater loss of
OH or any radical precursors nearer the instrument than can
be accounted for by the measured VOC concentrations
sampled from the kitchen. After people left the house at
17:00, OH returned to its previous concentration of about 6 ×
106 molecules/cm3 likely due to the removal of radical sinks
adjacent to the instruments. The OH concentration then
began slowly decreasing while remaining above the limit of
detection of the instrument until the end of the day. Modeling
results (discussed in Sections 3.2 and 3.6) are also shown in
Figure 1e,f.
These same chemical species and environmental parameters

for the 12 June repeated cooking experiments are shown in
Figure 2. Many of the same trends can be seen on this day,
with relatively lower concentrations of HONO (Figure 2c),
NO, and NO2 (Figure 2d) due to the reduced use of the gas

stove compared to the Thanksgiving experiment. The
ventilation periods can be clearly seen in temperature, RH
(Figure 2a), and O3 concentrations (Figure 2b). During these
times, the air conditioner was turned off resulting in an
increase in temperature, while the fan remained on to maintain
air flow through the house. O3 significantly increased during
ventilation periods due to the higher ambient concentration
outside. Otherwise, O3 concentration remained stable through
the day. A noticeable peak in HO2* at 15:00 coincides with the
ventilation period, potentially due to increased infiltration of
outdoor HO2 or increased concentrations of O3, a radical
precursor. Unlike the Thanksgiving experiment, OH remained
at or below the limit of detection throughout the morning
period and only rose to significant concentrations in the
afternoon and evening, when the instrument was illuminated
by sunlight through the westward-facing windows, peaking at
approximately 18:30. Observations from the other cooking
events are shown in Figures S4−S6.
3.2. Base Model Predictions of OH Concentrations.

Initial modeling results of the 27 June Thanksgiving experi-
ment using both the KIT O3 and AHU O3 measurements to
constrain the O3 concentration are shown in Figure 1e,f. Due
to the significant interference with the KIT O3 measurements
(discussed in Section 3.4), the model using the AHU O3
measurements is considered the base model for this day (blue
line, Figure 1e,f). This model underestimates OH concen-
trations, with a median observed-to-modeled ratio of 5.0
(quartiles = 2.9, 7.5). The modeled HO2 is also substantially
lower than the measured HO2*, although modeled concen-
trations should be considered a lower limit, as they do not
include any RO2 interference. Recent studies have suggested
that other photodegradable or photolabile compounds in
secondary organic aerosols are not included in models and may
greatly impact radical production rates.42−44 An unmeasured or
unmodeled photolytic species could increase the modeled OH
concentrations and improve agreement with measurements.
Constraining the model with the KIT O3 (red line, Figure

1e,f) recreates the observed OH concentrations better than the
base model due to enhanced radical production from alkene
ozonolysis (66% of total radical sources) and unreasonably
high O3 concentrations. The high-O3 model had a median
observed-to-modeled ratio of 1.9 (quartiles = 1.4, 3.2). The
ability of this model to capture the early afternoon trends of
OH, including the brief pause in cooking around 13:00,
suggests that there may be a link between the interference in
the ozone measurements and the disagreement between
measured and modeled OH concentrations in the base
model. This is indicative of either missing radical sources in
the model, an interference in the OH measurements, or some
combination of both.
3.3. Analysis of Potential Interferences with the OH

Measurements. Several potential interferences have been
reported for some LIF instruments, including laser-generated
interferences and degradation of organic trioxides and Criegee
intermediates.11,45−48 Laser-generated interferences include
the photolysis of O3 by the laser, leading to the production
of excited oxygen atoms which can react with water vapor to
artificially produce OH in the detection cell (Equations R6a,b).
This interference was calibrated in the laboratory before and
after HOMEChem by sampling air with varying concentrations
of water vapor and O3. Expected signals from O3 photolysis
within the cell did not exceed the limit of detection of the
instrument. Any uncalibrated laser-generated interferences
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should correlate with laser power. However, as shown in
Figures 3d and S7, there is actually an anti-correlation for 27

June and no correlation on 12 June, so it is unlikely that any
laser-generated interferences affected the measurements.

+ +hO O O( D)3 2
1

(R6a)

+O( D) H O 2OH1
2 (R6b)

Criegee intermediates, formed from the reaction between O3
and alkenes, and organic trioxides (ROOOH) produced from
the reaction of OH with RO2 radicals, could decompose inside
the low-pressure detection cell to produce OH.11,45,48 These

and any other potential interference can be measured using
chemical modulations through the addition of a chemical
scrubber such as hexafluoropropene (C3F6) just above the inlet
to remove ambient OH. Any OH signal that is measured when
the scrubber is added is due to OH that is generated inside the
detection axis. However, to avoid contaminating the indoor
environment during HOMEChem, chemical modulations were
not used to measure potential interferences. Instead, the OH
concentrations were compared to a primary indoor OH source
(HONO photolysis) as well as precursors of Criegee
intermediates, such as monoterpenes and ozone, as shown in
Figure 3 for 27 June and Figure S7 for 12 June. In Figure 3a,
the OH concentrations are correlated to JHONO × [HONO]
(R2 = 0.73), suggesting that the source of OH is photolytic.
This includes periods when direct sunlight was illuminating the
living area, as well as periods when indirect light was
illuminating the area. In contrast, the measured OH
concentrations were not correlated with the measured
HONO concentrations from the CIMS or LP/LIF instru-
ments, suggesting that potential interferences from elevated
HONO concentrations, such as photolysis by the 308 nm laser
in the detection cell, were not responsible for the measured
OH concentrations.
If the measured OH concentrations were the result of

interferences from the decomposition of Criegee intermediates
produced from the ozonolysis of alkenes, one would expect
that the measured OH concentrations would exhibit some
correlation with the measured concentrations of ozone and
reactive VOCs emitted during the cooking episodes. As
illustrated in Figure 3e−g, there is little or no correlation of the
measured OH concentrations with VOCs that react with
ozone, such as monoterpenes (MT) or the product of ozone
with these VOCs reflecting the rate of ozonolysis, indicating
that the OH measurements are probably free from
interferences due to the decomposition of Criegee inter-
mediates in the detection cell. The measurements are also
likely free from interferences from the decomposition of
organic trioxides in the detection cell as the high concentration
of NO likely dominated the fate of peroxy radicals in these
experiments.
The correlation of the measured OH concentrations with

JHONO × [HONO] during the cooking episodes suggests that
the source of OH is related to the photolysis of HONO. There
is also a correlation with JHONO alone (Figure 3c), implying
that the main production route of OH is photolytic, as the
photolysis frequencies for all compounds will scale similarly.
During Thanksgiving, the correlation of JHONO × [HONO] is
greater than that of either JHONO or [HONO], suggesting that
the photolysis of HONO is likely a dominant source. The
lower concentrations of HONO during the repeated cooking
experiment resulted in comparable correlations between JHONO
and JHONO × [HONO]. The correlation to JHONO × [HONO]
would also be consistent with the photolysis of an unmeasured
radical source co-emitted with HONO during the cooking
episodes. As discussed below, interferences observed by some
of the instruments measuring ozone and NO2 indicate the
presence of a photolytic source of radicals during the cooking
episodes that could contribute to the measured OH
concentrations. Because the measured OH concentrations are
not correlated to the KIT O3 (Figure 3, R2 = 0.06) or the
difference between NO2 measurements (R2 = 0.07, not
shown), interferences in these instruments are unlikely to
indicate an interference in the OH measurements.

Figure 3. Measured OH concentrations plotted against indoor
sources (a) and indications of potential LP/LIF instrument
interferences (HONO (b), JHONO (c), laser power (d), monoterpenes
(e), O3 (f), and the product of O3 and monoterpenes (g)) during the
27 June Thanksgiving experiment. Points when guests arrived
(15:30−17:30) were omitted. The strong correlation with HONO
photolysis compared to weak correlations with interference precursors
suggest that the measurements do not suffer from interferences. In
panel a, JHONO × [HONO] was calculated using LP/LIF values for
HONO.
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3.4. Evidence of Photolabile Interference in Ozone
Instruments. Figures 1b and S8 show the measurements by
the KIT O3 instrument with the measurements by the AHU O3
instrument during the 27 June Thanksgiving experiment,
illustrating the large discrepancy between the two instruments.
The calculated steady-state concentration of O3 and the
measured concentrations of both instruments are also shown in
Figure S8. The consistently high concentrations of the KIT O3
instrument clearly suggest an interference, which may also have
affected the AHU O3 instrument with the increase from 13:00
to 17:00 occurring during a marked decrease in the calculated
steady-state O3 concentration due to the high NO concen-
trations during this period. While both instruments measure
O3 through its absorbance at 254 nm (see Supporting
Information), it is possible that the interference is lost within
the air conditioning system, similar to water-soluble trace
gases.49 This would result in a lower interference in the AHU
O3 measurements compared to the KIT O3 measurements.
Discrepancies between the two O3 instruments also occurred

on three other days during the HOMEChem campaign, all
during cooking events (8 June, 25 June, and 26 June, Figure
S9). The interference in the KIT O3 measurements exhibited
an exponential decay after each episode, allowing the
calculation of the total decay rate constant (Figure S10).
The 26 June cooking event took place at night and exhibited a
slower decay than the daytime events (k = 1.15 × 10−3 s−1
compared to 1.45−6.99 × 10−3 s−1, Figure S10), suggesting
that the interference is photolytic, resulting in a shorter lifetime
during the day. With the assumption that all other decay
pathways remain relatively similar between different days, the
photolysis rate constant of the interferent can be calculated by
subtracting the total decay rate constant calculated at night
from the total decay rate constant calculated from each day
(see the Supporting Information). This provides an approx-
imate rate constant for the photolysis of the interferent (JINT)
averaged throughout the house during four different times of
the day; however, this calculation is highly uncertain because it
is based on the assumption that all other loss pathways are
constant. The results are shown in Figure 4 overlaid with
measurements of JHONO measured from both the east- and
west-facing windows throughout the campaign showing the

diurnal trend of sunlight in the house. There is a substantial
difference between the interference J-values calculated around
9:00 on the two days, when the house usually received direct
sunlight from the eastern window. Unfortunately, photolysis
rates from the east-facing window were not measured on 8
June. The reason for this discrepancy is unclear and may be
due to either uncertainty associated with the calculation or
uncertainties related to the amount of local cloud cover on that
day (see the Supporting Information). While these calculated
photolysis frequencies are highly uncertain due to their reliance
on assumptions, they do suggest that the interfering compound
is most likely photolytic in the indoor environment.
Ozone instruments have known interferences with aromatic

species, HONO, and aldehydes,50−53 but concentrations of
these species measured during HOMEChem can only account
for a maximum increase in the signal of 1 ppb (Figure S11).
Other classes of compounds, such as polycyclic aromatic
hydrocarbons, could absorb at 254 nm,54 but were not
measured. As O3 absorbs very strongly at 254 nm compared to
these interfering compounds, to account for a difference in O3
signal of more than 50 ppb, interferences would have to be
present in high concentrations. Nevertheless, if the absorption
cross-section of the interference at 254 nm was much larger
than that of other known interferences, then smaller
concentrations could explain the observed interference.
3.5. Evidence of Photolabile Interference in NO2

Instruments. The instruments that measured NO2 during
the campaign used two different techniques (BLC and CAPS)
with inlets located adjacent to one another within the house
during experiments. Any discrepancy between the two
instruments could be due to calibration differences or an
interference in one of the techniques. Throughout the
campaign, the BLC instrument measured higher values at
low concentrations of NO2 compared to the CAPS instrument,
while the CAPS instrument measured higher values compared
to the BLC instrument at high concentrations (Figure S12).
There are also periods of substantial discrepancies with
negative BLC NO2 concentrations, clearly indicative of an
interference. An interference photolyzing into a compound
that quickly reacts with NO (such as the hydroperoxy radical
(HO2) or a peroxy radical, RO2) would decrease the NO2

Figure 4. Calculated photolysis frequencies of the interfering species (JINT, right axis) based on measurements during 8 June (red points) and 25
June (blue points) with all of the measured JHONO values from the entire campaign (small dots, left axis) as a function of time of day. Bimodal
distribution is due to individual measurements from the two main windows, one facing east in the kitchen (green dots) and one facing west in the
living room (gray dots).
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signal when the BLC is active by reducing the detected NO in
the NO+NO2 signal, while not affecting the ambient NO signal
when the BLC is off, resulting in a NOX signal that is smaller
than NO.29,55 The interference was greatest during exception-
ally high NOX events such as the Thanksgiving experiments,
leading to negative signals when NO was greater than NO2,
but could also be present at elevated NOX concentrations, such
as the 12 June repeated cooking experiment, leading to lower
NO2 signals compared to the CAPS instrument.
If an interference is present in the BLC NO2 measurements,

it must be distinguished from any differences from the CAPS
measurements due to calibration uncertainties. With the
assumption that the interference is tied to emissions from
the gas stove, one experiment during the campaign featured
elevated NO2 concentrations without the use of the gas stove
or any other combustion sources through the addition of O3
inside the house. The O3 reacted with NO to form NO2,
resulting in elevated concentrations of NO2 in the absence of
combustion and presumably no interference. During this
experiment, the measurements by the two instruments were
highly correlated but did diverge at both low and high mixing
ratios of NO2 (Figure S13), suggesting that the difference was
due to calibration uncertainties during this experiment.
Assuming that this systematic difference between the instru-
ments was consistent throughout the campaign, the linear
relationship between the two instruments on this day can be
used to correct the BLC measurements on other days so that
any remaining discrepancy with the CAPS instrument is
assumed to be due to the interference. This discrepancy is
significant during the Thanksgiving experiment (Figure 1d)
but also noticeable on repeated cooking days, as shown in

Figure S14, suggesting that the interference was emitted during
all cooking events.
Quantification of the interference in the NO2 instrument is

inherently challenging due to two reasons. First, the photolytic
efficiency of the interfering species is unknown. To interfere
with NO2 measurements, the species would need to absorb
and photolyze at 395 nm. As blue light converters use
wavelengths at particularly high absorbance cross-sections of
NO2, any interfering species will likely have a lower absorbance
and lower rate of photolysis. Therefore, determining the
difference between the two signals would only account for the
fraction of the interfering species that photolyzes and would
represent a lower limit. Second, if the compound reacting with
NO is a peroxy radical, there is a possibility that the radical
cycle continues to propagate and each interfering RO2
molecule can cause the loss of multiple NO molecules in the
instrument. As a result, the difference between the two NO2
concentrations could represent the upper limit of the
interference concentration.
3.6. Model Results with an Additional Photolytic

Source of Radicals. To examine the effect of an unmeasured
or under-measured photolytic source of radicals during the
Thanksgiving experiment, an additional VOC was added to the
0-D model. The photolysis pathway of this VOC was modeled
after pyruvic acid (CH3C(O)C(O)OH, reactions R7−R10),
while the total photolysis frequency was scaled to match the
calculated values shown in Figure 4. Pyruvic acid was chosen as
the proxy in the model for four reasons. (1) Organic acids are
commonly found in food, including many cooked food during
Thanksgiving,56,57 (2) the concentration of pyruvic acid
measured during the Thanksgiving experiment was correlated

Figure 5.Measurements of HO2* (a and b) and OH (c and d) during cooking events. Model results for the base case (blue) and with an additional
photolytic VOC with a maximum concentration of 1 ppb (red) and 10 ppb (purple) for the 27 June Thanksgiving experiment (a and c) and the 12
June Repeated Cooking event (b and d). Variations in the concentration of the photolytic VOC were scaled to the difference in signals between the
O3 instruments for the Thanksgiving experiment, and the ratio of interference/NO2 was subsequently used to constrain the 12 June model (see
text). Occupancy of the house is indicated by the color of the points, with red points when 3−4 people were present, green points with 13 people
present, and unoccupied times in black points. The shading of the 12 June model represents a model run with the photolytic VOC changed by
±50%.
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to the KIT O3 measurements (Figure S15), (3) it can absorb at
254 nm and interfere with the O3 instrument, and (4) it
absorbs up to 400 nm and can photolyze to form peroxy
radicals which would interfere with the NO2 instrument. While
pyruvic acid was measured during the HOMEChem campaign
by the iodide chemical ionization mass spectrometer (I-
CIMS), including the concentration measured during the
Thanksgiving experiment in the model does not impact the
modeled radical concentrations greater than the model error of
±15%. However, the I-CIMS instrument was not specifically
calibrated for pyruvic acid against a standard but was rather
calibrated for formic acid, acetic acid, propionic acid, butyric
acid, valeric acid, hypochlorous acid, chlorine, and nitryl
chloride. The mixing ratios of all other compounds were
estimated using a voltage scanning approach as described in
Lopez-Hilfiker et al.58 and Mattila et al.,59 resulting in a high
uncertainty for all uncalibrated compounds, including pyruvic
acid. Because of this, it is possible that the instrument is not as
sensitive to pyruvic acid or that pyruvic acid could have been
lost on sample lines. Both possibilities could indicate a higher
true concentration of pyruvic acid inside the house compared
to the measured concentration. Additionally, although the
proxy is a single compound, it could represent the sum of
many functionalized, photolytic compounds emitted from
cooking, each contributing to the total rate of radical
production.
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For the Thanksgiving experiment, the concentration of the
additional radical source used in the model was scaled to the
difference in signals between the two O3 monitors during the
day, with the maximum concentration varied to obtain the best
match between the modeled OH concentrations and the
measurements (Figure S16). The results for both the base
model and the model including the additional radical source
are shown in Figure 5, and a radical budget analysis can be
found in the Supporting Information (Figure S17). Scaling the
expected photolysis rate constant for pyruvic acid to the
measured JINT and assuming a maximum indoor concentration
of the photolytic VOC of 1 ppb increases the modeled OH
concentration by 10% over the base model during indirect
sunlight (11:50−13:00) and 35% during direct sunlight
(13:30−18:00). However, with this additional photolytic
VOC, the model still underestimates the measured OH
concentrations. Increasing the maximum concentration of the
photolytic VOC to 10 ppb (Figure 5, purple line) using the
same photolysis rate constant improves the agreement of the
modeled OH concentrations with the measurements, leading

to a median observed-to-modeled ratio of 1.3 (quartiles = 0.71,
3.6). This model also improved the agreement between the
measured HO2* and modeled HO2 during the evening peak
around 17:00. While the models were unable to capture the
elevated OH concentrations in the morning (10:30−12:00) or
late in the evening (20:00−0:00), the additional photolytic
VOC was able to bring the model into better agreement for
most of the time when the interference concentration was high
or when the evening light was coming through the west-facing
window. Differences in the absorption cross-section between
pyruvic acid and the unknown photolytic VOC could be
responsible for some of the discrepancies between the modeled
and measured OH concentrations in the morning and early
evening. The discrepancy could also be due to additional
radical production from the ozonolysis of alkenes that were not
included in the model.
The repeated cooking experiment on 12 June also displayed

evidence of an interfering species in the O3 and NO2
measurements, although substantially smaller (Figures S14,
S18, and S19). Similar to the 27 June Thanksgiving
experiment, the base model underestimated the OH measure-
ments from this day by an average of 62% in the afternoon and
evening. However, unlike the Thanksgiving experiment, there
was not a clear, consistent interference in the O3 measure-
ments to scale the concentration of the photolytic VOC
interference in the model. Assuming that the interference was
emitted by the gas stove, the average ratio of the concentration
of the photolytic interference to the NO2 concentration
measured by the CAPS instrument during cooking and
noncooking periods was calculated for the model run that
best fit the Thanksgiving data. The concentration of additional
photolytic VOC input into the model for the 12 June
experiment was then calculated based on this ratio, resulting in
a maximum of about 2.7 ppb (Figure S16). Because of the
estimation required to calculate the concentration of the
photolytic VOC, the model was run with a VOC concentration
of ±50%, with the results indicated by the shaded region. As
with the Thanksgiving experiment, the addition of the
photolytic VOC improves the overall agreement between the
model and the measured values (Figure 5), with a median
measured/model ratio of 1.08 (quartiles = 0.35, 1.8) compared
to 2.1 (quartiles = 1.2, 4.5) for the base case. However, the
measured maximum concentration is approximately 1 h later
than predicted by the model, occurring after peak concen-
trations of compounds emitted by the gas stove and the
maximum sunlight intensity. While the true cause of this
discrepancy is unclear, one explanation is that similar to the
Thanksgiving experiment, the presence of people in the house
created a localized sink during the peak OH concentrations.
Although the concentration of the photolytic VOC is lower
compared to the Thanksgiving experiment, the model is able to
reproduce the high concentrations of OH observed on this day
as the lower mixing ratios of NO2 result in lower rates of OH
radical termination.
The modeled HO2 is also in better agreement with the

measured HO2* during the early evening (17:00−19:00). The
measured peak during a ventilation period is likely at least
partially due to the infiltration of outdoor HO2, which is not
included in the model. However, elevated model concen-
trations occur as the concentration of NO and NO2 decrease
during the ventilation period, reducing radical sinks and
elevating the steady-state concentration of HO2.
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3.7. Environmental Implications. An unknown photo-
lytic radical source tied to the use of cooking with gas
appliances can significantly alter the oxidative capacity of
indoor environments. Adding this radical source into the
chemical model greatly improves the agreement with measured
concentrations of OH radicals, both during normal use of the
gas stove and the more extreme case of cooking a large
Thanksgiving meal for multiple hours. In the model, the novel
source was primarily responsible for the production of radicals,
and while the model used estimates and assumptions for the
concentration, photolysis frequency, and reaction pathway of
the unknown radical source, a compound with lower
concentrations and a higher photolysis frequency could
produce similar results, and vice versa. However, to explain
the discrepancy in the O3 and NO2 instruments, concen-
trations of the interference would need to be higher than
measurements of any other potential interfering compounds.
During HOMEChem, there was no evidence of a photolabile
interference in either the NO2 or O3 instruments outside of
cooking experiments. While this radical source can alter the
oxidative capacity during gas cooking, there is no evidence that
it is a common compound in indoor air.
Studies on indoor photolysis have primarily focused on the

photolysis of small molecules such as HCHO, HONO, HOCl,
and Cl2.

12,13,60 Indoor environments can have higher
concentrations of several oxygenated and otherwise function-
alized VOCs which can photolyze to form radicals and may be
overlooked in current indoor chemical mechanisms.61,62

Cooking, and even just the heating of oil, can produce a
large variety of functionalized VOCs that can further react or
photolyze to influence the indoor environment. While many
compounds were measured at HOMEChem,29,62 highly
functionalized molecules may be difficult to measure if they
are lost in long sampling lines or fragments within
instrumentation. If these compounds remain unmeasured and
uncharacterized, our understanding of indoor oxidative
capacity during cooking events is severely limited. The
presence of additional radical sources would increase overall
VOC oxidation, resulting in increased production of secondary
organic aerosols and other potentially harmful compounds,
such as aldehydes, ketones, acids, and peroxides.63−65 To our
knowledge, these results are the first direct measurements of
OH in a residential setting, indicating that significant OH
concentrations can occur in houses during normal occupancy
behavior, enhancing the oxidative capacity and the potential
for chemical transformations and aerosol formation in the
indoor environment.
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