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Abstract

The goal of this paper is to evaluate the accuohtlye commonly used ozonejOnstrument
(the ultraviolet (UV) photometer) against a Federal Reference Methadq®xide -
chemiluminescence) for ozone measurement in wadfimoke plumes. We carried out simultaneous
ozone measurement with two U\, Photometers and one nitric oxide—chemiluminescéN¢eCL)
ozone detectors during wildfire season (Aug. 1-S#ptin 2015 at the Mount Bachelor Observatory
(MBO, 2763 m above mean sea level, Oregon, USA$. ¥ O;shows good agreement and excellent
correlation to NO-CL @ with linear regression slopes close to unity RAdf 0.92 for 1-h average data
and R of 0.93 for Q daily maximum 8-h average (MDAS). During this twesnth period we identified
35 wildfire events. Ozone enhancements in thosdfinél plumes measured by NO-Cl; @hd UV Q
monitors also show good agreement and excellegddinorrelation, with a slope andd® 1.03 and 0.86
for O; enhancementd(QO;) and 1.00 and 0.98 for carbon monoxide (CO)-nomadlozone enhancement
ratios AOs/ACO), respectively. Overall, the UVs;@ras found to have a positive bias of 4.7+£2.8 ppbv
compared to the NO-CLOThe Qbias between NO-CL £and UV Q is independent of wildfire plume
tracers such as CO, particulate matter {Pklerosol scattering, and ultrafine particles. fdsalts
demonstrate that the UVs@bsorbance method is reliable, even in highly eatrated wildfire plumes.

Keywords: Ozone, UV photometer, NO-chemiluminescence, wigdfir

1. Introduction

Ground-level ozone (§)is one of the six “criteria air pollutants” idéfied in the Clean Air Act
and regulated by the US Environmental Protectioardy (EPA) (Long et al., 2014). The EPA sets the
National Ambient Air Quality Standards (NAAQS) fozone. The @NAAQS is currently 70 ppbv,
which is defined as the “3-year average of the ahfaurth-highest daily maximum 8-h average (MDABS)
Os; concentration” (US EPA, 2015). In the troposphemane is produced from the reaction of nitrogen
oxides (NQ) and non-methane organic carbons (NMOCSs) in thegarce of sunlight (Finlayson-Pitts and
Pitts, 2000). Ozone precursors come from naturlaarthropogenic sources, such as lightning,
vegetation, wildfires, and other biomass and fdsgill combustion (Cooper et al., 2015; Sun et28116).
Jaffe and Widger (2012) estimated thatfl@m wildfires produces 170 Tg of;@er year, which
contributes to 3.5% of the global tropospheric @bundget. One recent study estimated that wildfire
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smoke will impact 10-20% of the days when the MD®@g&:oncentration exceeds the NAAQS ozone
standard of 70 ppbv in most US cities and thatfwddsmoke contributes 3—36 ppbv of ozone to the
smoke-impacted areas (Brey and Fischer, 2015).

Because wildfires are becoming more common in tbstern US, Alaska, and western Canada
(Dennison et al., 2014; Yang et al., 2015; Yuakt.2015), and due to the tightening NAAQS O
standard from 75 ppbv to 70 ppbv (US EPA, 201% is8ue of wildfire contributions to ozone is
becoming more important. However, the@oduction in wildfires is still poorly understoedth large
variations and uncertainties (Baker et al., 20lk6)he review by Jaffe and Widger (2012), a large
variation of -0.1 to 0.9 in £to-carbon monoxide (CO) enhancement ratios wegerted in wildfire
plumes. To understand the wildfire contributiorommne production, it is critical that the ozone
monitoring technique be precise and accurate idfinél plumes.

The Federal Reference Method (FRM) for measurin@ @Qas-phase ethylene-chemilumiescence
(ET-CL), based on the reaction of ozone in sampledith an ethylene reactant gas. ET-CL ozone
analyzers have been replaced by ultraviolet (Uya@alyzers and the ozone Federal Equivalent Method
(FEM) in the Q monitoring network because the U\{ @nalyzers are reliable, low cost, easy to operate,
and without the need for a constant supply of mffteble and potentially explosive reactant gas (&ao
al., 2012; Long et al., 2014). Thesg&halyzers determine ozone concentration by meagthe
absorption of UV light at 254 nm by the ozone males in the sampled air and then use the Beer-
Lambert Law. Thus, any UV absorbers (absorptia2bdtnm) in the light path could be potentially
measured as ozone interferents by the U\&ectors. Potential interferents include aromatic
hydrocarbons (Leston et al., 2005; Ollison et20)13; Spicer et al., 2010,; Long et al., 2014),cuer
(Hg) vapor (Spicer et al., 2010; US EPA, 1999), finel particles (Dunlea et al., 2006; Payton, 2007)
wildfire plumes, there can be large amounts ofipalgte matter (PM), CO, and volatile organic
compounds (VOCs, including aromatics and oxygenste@s) (Akagi et al., 2011, 2012, 2013;
Yokelson et al., 2007), and these species mayfénéein UV ozone monitors. The US EPA has also
recently established the nitric oxide-chemilumiregse (NO-CL) @ method as an additional FRM for
ozone measurement (US EPA, 2015). The NO-Ghrilyzer detects ozone based on the reaction of O
in sampled air with NO reactant gas forming excitgtbgen dioxide (Ng). The NG* emits a photon
at 600 nm-2800 nm when it returns to its grountksiehe emitted photon is then detected by a
photomultiplier (PMT), and the PMT count is propomial to the @ numbers in the sampled air. Similar
to the ET-CL analyzers, the NO-CL; @onitors are not significantly impacted by typicahcentrations
of potential ambient interferents, such as PM, bgdn sulfide (KS), carbon dioxide (C£), nitrogen
oxides (NQ), VOCs, Hg, and sulfur dioxide (S{(Long et al., 2014; US EPA, 2015). However, NO-CL
and ET-CL appear to have a small interference faomater vapor (WV) change in the ambient air
(Matthews et al., 1977; Lenschow et al., 1981; &idind Grahek, 1990; Ridley et al., 1992; Lestaal.et
2005; Williams et al., 2006; Bariteau et al., 2000json et al., 2013; Boylan et al., 2014; Longkt
2014).

Several studies have compared ozone measurememtedlocated UV @monitors and either
ET-CL or NO-CL Q monitors in ambient air or in smog chambers. Kda&nst et al. (1993) found that
UV Os; monitors overestimated ozone in sampled air bypplv of ozone per ppbv of toluene in the air
compared to an ET-CL {analyzer. Ryerson et al. (1998) showed no diffeedsy UV Q monitors in
airborne ambient ozone measurements compared @-@INO; monitor. Leston et al. (2005) observed a
positive Q bias of 20-50 ppbv measured by UY &alyzers equipped with manganese dioxide (MnO
scrubbers compared to ET-Cl; @onitors during humid and hot summer days. Wilkaghal. (2006)
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found excellent agreement between Uyn@bnitors and an NO-CL £analyzer in ground-based
measurements at urban/industry sites and ship-easurements in the Gulf of Maine. Spicer et al.
(2010) found a positive bias of 1 ppby er 1 pptv of Hg vapor on UV nonitors in a chamber study
and a +4.1 ppbv discrepancy between collocatedartiional UV monitors and those equipped with
Nafion to remove WV during the smog season. Ollisbal. (2013) showed that the bias between WYV O
monitors and a NO-CL ©£analyzer was greater in hot and humid August fiaydo 6 ppbv) than in
cooler days after mid-September. Interference ind2bhe monitors by some aromatic compounds were
specifically studied in smog chambers becausedbsgrb 254-nm UV light. The UV-Mnzone
monitors overestimated ozone by 15% and 38%, r&spbg in high concentrations of toluene and a
mixture of G aromatic hydrocarbons (o-xylene, p-xylene andlbtmzene) (Leston, 2005). These
aromatic compounds, such as toluene, benzenenshyded xylenes, were commonly measured in
wildfire plumes (Akagi et al., 2011, 2013; Yokelssinal., 2007). This raises concerns for the aayuof
ozone measurement by UV monitors in wildfire plumes

Payton (2007) carried out a series of laboratopeérents in a large smoke chamber to
investigate the effects of wildfire smoke on UV pednstruments with a PFA inlet filter to remove
particles. Four UV @monitors were collocated with a NO-CL; @etector and an ET-CL @etector to
measure ozone in a total of 19 burns of a variepotential fire fuel mixes. Pkt density was
continuously monitored during these chamber expantsn Compared to the ET-CL monitor, positive O
biases were measured by UV @onitors in a range of 1-14.6 (ppby (@r 100 pg M of PM,g) with
means of 6.1-6.6 (ppbvs@er 100 pg M of PM, ) in the fresh (plume age 0-6 hours) wood fire senok
However, Q concentrations were generally low in these studiesno ambient comparisons were made.

How aged wildfire plumes affect UV photometrig @onitors is still an unanswered question. In
this study, we are the first to investigate theiif#rence on ozone measurements in aged wildfireg
using the most commonly used U\, @nalyzers with Mn@scrubbers. In order to address this issue, we
set up two UV photometric ozone monitors side lolg silong with a custom-built NO-CL ozone
analyzer, which is free of significant interfererficam other pollutants in ambient air (Long et 2D14;
US EPA, 2015). We made simultaneous ozone measuotenblit. Bachelor Observatory from Aug. 1 to
Sept. 30, 2015. During summer 2015, wildfire smates abundant in the Pacific Northwest (Laing et al.
2016), giving rise to a useful data set for thiglgt

2. Experimental methods

2.1 Sitedescription and collocated instrumentation

Mount Bachelor Observatory (MBO) is a well-estatindid mountaintop site that has been in

operation since February 2004 (Gratz et al., 201%.one of the few mountain sites sampling lower
tropospheric baseline ozone along the 1800-km UStWeast (Cooper et al., 2015, Gratz et al., 2015).
MBO is located on the summit of Mount Bachelorjsolated volcanic peak located in the Deschutes
National Forest in the Cascades Mountains of ce@iregon, USA. (43.972N, 121.687W, 2763 m
above sea level). The nearest cities are 31 kmdBeregon, pop. 76,639) and 53 km (Redmond,
Oregon, pop. 26,215) to the east. Due to its tagaiyy and lack of local anthropogenic emissions,
previous studies have shown that MBO is an ideéaltseiobserve Asian long-range transport of paluti
Asian and regional biomass burning plumes and dehsk of @rich air masses from the upper
troposphere/lower stratosphere (UTLS) (Ambrosd.ep@11; Baylon et al., 2014, 2016; Briggs et al.,
2016; McClure et al., 2016; McKendry et al., 20R&jdmiller et al., 2010; Weiss-Penzias et al., 2006
Wigder et al., 2013a, 2013b ).
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In addition to ozone measurements, a suite of cattml chemicals (CO, GONG,, PAN),
aerosols (submicron dry aerosol scattering,(the dry particle mass undeptn (PM1), and ultrafine
particles number concentrations (UFP)), and metegiaal parameters (wind speed, wind direction,
pressure, temperature, relative humidity, and watpor) were continuously measured at MBO during
the summer of 2015. Aerosol scattering was measwedmulti-wavelength integrating nephelometer
(model 3563, TSI Inc., Shoreview, MN) at wavelesg#s0,550, and 700 nm. Thg, at 550 nm was
used in this paper. The UFP was measured with 8333 scanning mobility particle sizer (SMPS), with
a TSI 3082 electrostatic classifier, a TSI 3081edéntial mobility analyzer (DMA) and a TSI 3787
waterbased condensation particle counter; Ris measured with an optical particle counter (OPC
model 1.109, Grimm Technologies, Douglasville, GA)Jethods for those observations were reported in
our previous publications (Ambrose et al., 2011lylBa et al., 2014; Fischer et al., 2010a, 2010lnd.a
et al.,, 2016)cs,, PM;, and UFPwere corrected to standard temperature and pre§StiReat 273.15 K
and 101.325 kPa)

The air sampling inlets for gaseous and aerososurements were located about 4 m above the

highest point on the roof of the Mt. Bachelor sumnski lift building. The instruments were housed in
two temperature-controlled rooms (20%2) inside the building, approximate 15 m belowitlet. All
instruments for gaseous species, includingRAaN, NQ,, and CO/CQ, were connected to a common
Teflon manifold. The manifold was connected to ®"dnd 5/8” OD PFA tubing from the gaseous
sample inlet on the roof with a 1 um Teflon padtifilter. The inlet filter was changed every 2 tw&eks
or when it was dirty during the intensive summaenpaign. This filter removes essentially all aerssol
Total flow through the manifold was about 20 stadd#ers per minute (SLPM), corresponding to a
residence time of about 2 seconds in the manife&dmiller et al., 2010; Fischer et al., 2010a; Aode
et al., 2011). The aerosol measurements were mawhesf separate aerosol inlet (0.688” conductive
tubing) and using an impactor, which is designeskmple aerosols with aerodynamic diameter less tha
1 um (Ambrose et al., 2011; Fischer et al., 20Hind et al., 2016; Reidmiller et al., 2010).

2.2 Ozoneinstruments

2.2.1 Instruments and setup

We used a custom-built, high-sensitivity NQ/&hemiluminescence (NO-CL) detector as a
reference to investigate the potential interferénme aged wildfire plumes on UV photometric ozone
analyzers. Two standard UV photometric ozone aeadywith conventional MnOscrubbers (Dasibi
1008-RS and Ecotech Serinus 10) were set up sidabywith the NO-CL ozone analyzer. The three
ozone analyzers were connected to the same Te#imifoid to sample particle-free ambient air. Figlire
shows the schematic of the custom-built NO-Gla@alyzer and the two collocated UV photometric
ozone analyzers.

The NO-CL Q instrument was previously used to measure reaotivegen oxides (N() at
MBO (Baylon et al., 2014; Briggs et al., 2016). Tdrainal design was reported by Ridley and Grahek
(1990). The details of the reaction chamber andatiet were described by Honrath (1991) and Beine
(1996). The gold-plated reaction chamber volun®5& cni. The reaction chamber temperature was
controlled at 30+0.2C and the pressure was 3.2 torr. The reaction ceamds coupled to a red-
sensitive (600-2800 nm) photomultiplier tube (PMdich was efficiently cooled down with a
thermoelectric refrigerated chamber (Products fesdarch, Model TEI 82TSRF008) to about °C8
(about 38°C below the room temperature). The PMT power veltags set to negative 1.71 kilovolts.

The sample air flow for the NO-CL ozone analyzeswantrolled by a Tylan stainless steel mass
flow controller (MFC) at 5.0810° standard cubic centimeters per minute (sccm).réielence time in
the reaction chamber was 0.12 seconds. A chemigpatly grade nitric oxide gas in a pressurized dglin
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(99.5 % purity, 7.6 cubic feet, pressure 700 psigds, Inc.) was used as reactant gas for the NO-O
chemiluminescence reaction. The NO flow was maietgiat 1.00 sccm by a stainless steel MFC (Tylan).
Because NO is a potent toxic gas, a 24-volt eletivo-way shut-off stainless steel valve was itesthl
inline between the NO cylinder regulator valve #mel MFC for emergency shut-off via remote actuation
The gas mixture left the reaction chamber throughaat (0.5 cm) stainless steel tube, enteredcdngat
and was pulled out of the system via a rotary aduum pump (Edwards High Vacuum International,
model E2M8). Excess NO in the reaction chambeuefit was destroyed by granular potassium
permanganate (KMng)in the catch-pot. The pump exhaust then passedgh an activated charcoal
cartridge before it was vented to the outdoor ewmwind and far away from the common inlet.

The Q detection cycle included a measurement phase aatbing phase. The measurement
phase collected count rates from sampled air gekdround count rates, and the zeroing phase tadlec
only the background count rates. Zeroing was eddblel5 minutes every four hours. During the
measurement phase, pure NO was delivered direxcthix with sampled air in the reaction chamber (red
arrow in Figure 1a). During the zeroing phase,pihie NO flow was diverted to mix with sampled air i
the zeroing volume (a Teflon volume of about 108)ampstream to the reaction chamber (green arrow in
Figure 1a). The ©in the sampled air was titrated by excess puréri\i@e zeroing volume, and the
NO+0O;chemiluminescence reaction happened out of vietie@PMT. Thus, only the background count
rate, which is the sum of dark count and photodaoisisom other species, was recorded by the PMT.
The background count rate for each 10-second memsumt point during the four-hour detection cycle
was calculated by linear interpolation from the evoing readings before and after each measuring
phase. The difference in count rates between tlasuanement count rate and the background counisrate
the ambient @count rate.

The data acquisition and system automation, inolyithe NO emergency shut-off valve and the
measurement/zeroing cycle switching solenoids, wengrolled by a LabJack U12 (LabJack Corp.) and
the DAQFactory software (AzeoTech, Inc.) on a Riidp.

2.2.2 Calibration and QC
On-site zero air was generated by pulling roomtawugh an electric air dryer (Tekran Air
Dryer, model 1102) followed by an activated chalcaatridge and a PFA filter. A known;O
concentration for multi-point onsite calibration tognsfer standard or field standard was genersid)
this dry zero air.

a. Ozonecalibrationindry zero air

The two UV photometric ozone analyzers (Dasibi :B@and Ecotech Serinus 10) were
manually calibrated side by side every three mowitts a transfer standard certified by the Washingt
State Department of Ecology (WADOE Transfer Stad@&id:6452). We also performed an automated
weekly zero check for one hour using the zero airegated on-site. The method detection limit (MDL)
for the Dasibi 1008-RS and the Ecotech Serinus 10gpbv, with an uncertainty of +2 % in hourlyalat
for O; concentrations higher than 5 ppbv (Ambrose eélll; Weiss-Penzias et al., 2006). The transfer
standard was a Dasibi 1008-PC ozone generatortaralyat was never exposed to ambient air and was
certified annually by the WADOE. Another Dasibi B3RS ozone analyzer/generator was calibrated
against the WADOE transfer standard side by sidle thie NO-CL ozone analyzer at MBO at the
beginning of this study. The calibrated Dasibi 1808 served as a field standarglg@nerator for an in
situ daily span check and to conduct multi-poiditcations, which were carried out both in the
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beginning and at the end of this study. Zero aihwione concentrations of 0-500 ppbv were gertbrate
by the field standard {yyenerator and sampled simultaneously by both ¥eahd NO-CL Q analyzers

for calibration. The reduced major axis (RMA) resgien analysis between the ozone field standard and
the transfer standard yielded a slope, interceyt,R of 0.992, 2.5 ppbv, and 0.999, respectively, which
is within the transfer standard recertificationdgline (regression slope=1.00+0.01 and intercept <3
ppbv) (US EPA, 2015). The Bensitivity for the custom-built NO-CL ozone arrdywas 2742 cps

ppbv* when NO flow was 1.50 sccm and 2030 cps ppitvNO flow of 1.00 sccm. Taking into account
both the Q sensitivity and the pure NO toxicity, we set th® Row to 1.00 sccm for the NO-CL ozone
measurement. A daily span check was programme20foninutes at 7:00 local standard time (LST). The
field standard @generator was stabilized for 30 minutes prioraohedaily span check. The averaged
daily span check £xoncentration was 97.8+3.0 ppbv during the two tienThe averages{INO-CL
sensitivity for the daily span check was 1995+54 ppbv”, with a precision of 2.6 % (N=50¢)L Both

the UV and NO-CL ozone analyzers were calibratesixaknown ozone levels (0-500 ppbv) on-site at
the end of this fieldwork. The Bensitivity for the final multi-point calibratiomas 2030 cps ppbv
(R?=0.999). This agrees very well with the daily sparck sensitivity within the margin of uncertainty.
The MDL for the NO-CL ozone analyzer was 12 pptw)(3

b. Ozonecalibration in ambient air
Since ambient air should not be used to feed tha@generator of either the transfer standard or

the field standard, we used an ozone standard@uditethod to generate various 0zone concentrations
ambient air to examine the effect of WV on the ND-@; and UV Q calibration at the end of this study.
Figure 1b shows the schematic of the ambient ogtarelard addition system. Ozone was generated from
oxygen photolysisA(< 242nm)using a low pressure mercury lamp (Pen-Ray, 90d1)2Then the
generated ozone was diluted by an ambient air 8lod/delivered to the UV ozone analyzers, ozond fiel
standard (measurement only mode), and the NO-Can@lyzer for “wet” calibration. Ambient air flow
with an ozone level in the range of 0—330 ppbv alsined by controlling the amount of UV lamp
irradiation exposure by covering a portion of thercary lamp with aluminum foil. The results showed
that calibrations for the UV Qwere not affected by ambient air but were affeébedNO-CL Gs;. The
ozone sensitivity of the NO-CL £nalyzer in ambient air was 1809+112 (n=&), dps ppb¥, which is
about 9.3% lower than that in dry zero air. Thiuteis consistent with previous observations afative
interference from WV on NO-CL {£analyzers due to the WV quenching effect on theted NG*
(Ridley and Grahek, 1990; Ridley et al.,1992; Lastbal., 2005; Williams et al., 2006; Bariteawaket
2010; Spicer et al., 2010; Ollison et al., 2013ylBo et al., 2014). We used this ambient ozoneitbatys
to determine NO-CL @concentrations from the reference subtracteddDnt rates.

2.3 Wildfire plumeidentification
Wildfire plumes were identified using a combinatiofrobserved submicron dry aerosol
scattering §sp) and CO, satellite imagery and trajectory modslsjlar to Baylon et al. (2014) and
Widger et al. (2013b). Specifically, we used thikofeing criteria:

1. CO concentration and aerosol scattering at 550a3gnwere elevated above background, with
CO> 150 ppbv ands,> 20 Mmi* for at least one hour, and there was a strongleion
between CO ands, with linear regression#R0.80, using 5-min average data. The reduced
major axis (RMA) regression was used in all thedinregression analyses in this paper. RMA
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linear regression parameters were calculated ssiftgyare for Reduced Major Axis regression
for Java developed by Andrew J. Bohonak and KimdemnLinde (2004).

2. A wildfire was identified based on MODIS fire data reported in the AirNow-Tech Navigator
(https://www.airnowtech.org/navigator/index.cfmhélnavigator tool allowed us to analyze air
guality monitoring data, the Hazard Mapping SystetilS) smoke map, and HMS fire
locations. We then used MODIS Terra and Aqua redleze true color satellite images to confirm
the fire and smoke observations.

3. To confirm the plume source, we used the HybridygifParticle Lagrangian Integrated
Trajectory (Hysplit) model (http://ready.arl.noaavfHY SPLIT.php), the Aresolution Global
Data Assimilation System (GDAS) meteorological dataalculate 10-day backward trajectories
(for long-range transport), and the 40 km resotutis Eta Data Assimilation System (EDAS)
meteorological data to calculate 5-day backwaij@dtaries (for regional fires) initiated from
MBO. Plume age was estimated from the Hysplit ttages based on the fire location and travel
time.

3. Resultsand discussion

We measured Qwith both NO-CL and UV analyzers from Aug. 1-Seift, 2015. During this
period, we identified 35 wildfire events based b triteria given above. This was a significantiie
season in the Pacific Northwest due to exceptignedirm temperatures and low snowpack during the
preceding spring (Jaffe and Zhang, 2017; Mote.eR@ll6). For each plume, we calculateg\@V, CO,
and CQ enhancement ratios using the multiple backgrouidraction method proposed by Briggs et al.
(2016). Basically, the average of three backgrotaides is used as background for a fire plume: the
ambient concentration prior to the plume arriviaé monthly median at 16:00 LST, and the hourly
concentration at 16:00 LST previous to the timeglene was observed. In practice, this method was
important only to calculate the enhancement ratid@s/ACO, due to the relatively highs®ackground
related to the ambient;OTable 1 shows those results. As reported preliptiee AOs/ACO
enhancement ratios of wildfire plumes span a wédhge of values; some of the plumes contain a
significant amount of @while others did not (Jaffe and Wigder, 2012; Baykt al., 2014; Wigder et al.,
2013b). At present, we have a very limited undeditey of what causes these variations (Jaffe and
Wigder, 2012; Baylon et al., 2014).

3.1 Water vapor interferenceon NO-CL O; FRM

The two UV Q analyzers generated nearly identical results (Rftnd slope of 0.99 and 1.02,
respectively) so these were averaged to genesatgle time series of UV (JO; yv) 5-minute, 1-hour,
and daily maximum 8-hour average (MDAS8) data. Wieapared this averaged; Qv data with the NO-
CL Osdata (Q no-c)- The ozone bias (Qiia9 Was calculated by subtracting the €.c. values from the
O3 yvvalueqO; pias= Os uv - O3 no-cl)-

For the NO-CL Qanalyzer equipped with the inlet PFA particlesfiltthe only known
interference for ozone measurement in the ambiei water vapor (Spicer et al., 2010; US EPA, 201
which quenches NDsignaIs (Matthews et al., 1977; Ridley et al., Z;%ariteau et al., 2010; Boylan et
al., 2014). The quenching effect of WV results inegative interference on thg Measurement.
Laboratory studies show that relative loss of thei@nal from WV quenching is linearly related te th
amount of WV in the sample air (Matthews et al.72;9Ridley et al., 1992; Boylan et al., 2014). Eqg.
has been used to calculate a WV correction for antlmzone concentrations calculated from dry
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calibration (Matthews et al., 1977; Lenschow et®381; Ridley et al., 1992; Williams et al., 2006;
Bariteau et al., 2010; Boylan et al., 2014).

03 corr = O3_mea X 1+ ay) (1)

where Q coris the WV-corrected @mole fraction, @ neds the value measured by the NO-CL analyzer,
o is the dimensionless correction factor, grislthe WV—to—dry air mole fraction (in mmol rifabr %o).
Lenschow et al. (1981) reported @malue of (5+1) x16; Ridley et al. (1992) measured awvalue of
(4.3+0.3) x1G; and Boylan et al. (2014) determined a value df§40.14) x16 for their fast response
O3 chemiluminescence instrument (FRCI) system.

Because the {Bensitivity was measured at only one WV levelrtbé&nt air, we used the
ambient and dry air calibrations to estimate a disianless correction factow)(for the NO-CL Q
analyzer. During the ambient air calibration, th& Was 7.77+0.35 (mmol md). The difference in
ozone sensitivity in dry zero air and in ambiemntveas 9.32%. Assuming that the WV effect on our
custom-built NO-CL @analyzer follows Eq. (1), and the decrease in ez@msitivity in the ambient air
was due only to WV quenching, we calculatedralue of 0.0132 This value is about 3 times the
value from Boylan et al. (2014) and Ridley et 4B92). This difference might be due to instrument
configurations, reaction chamber design and volantethe sample-to-reactant gas flow ratio (Matthews
et al., 1977). Our custom-built NO-CL analyzer teacchamber volume is 250 ¢mwhich is about 6
times that of Boylan et al. (2014) and 15 times tia&Ridley et al. (1992). We also note that oudst
was not intended to measure theso this test was done only once.

We appliedy values of 0.0132 and 0.0045 to correct the WV ghiry effect on 5-min and 1-h
NO-CL G; data, respectively. Figure 2 shows scatter plbtseozone bias (Dyias= Os uv- Os no-cL)
against WV for uncorrected£0) and corrected NO-CL {ata ¢=0.0045 and=0.0132). Figure 2a
shows a slightly positive trend in ozone bias dalkaa from uncorrected£0) O; no.cL @S WV increases,
with a mean ozone bias of 4.14+2.86 ppbv. If wearse value of 4.5x18 from the literature, similar to
Ridley et al. (1992) and Boylan et al. (2014),rakigure 2b, there is no dependence between jla®
and WV, with a mean ozone bias of 4.74+2.84 pplguré 2c is the scatter plot of the ozone biasregjai
WV with O; no.c cOrrected by an extrapolatedf 0.0132. The ozone bias shows a slightly negativ
trend as the WV increases, with a mean of 5.563pt. Comparing Figures 2a—c, we see that when
thea value increases from 0 to 0.0045 to 0.0132, tipenidence of ozone biasygL) on WV changes
from a positive trend, to an almost flat line, thera negative trend, respectively. This resulinghthat
the NO-CL Q analyzer is affected by WV and our measure@lue of 0.0132 may be too large. We
further analyzed the correlation betweengQand the WV corrected Oyo.c. With =0, ¢=0.0045 and
a=0 .0132 respectively and looked at ozone enhantemewildfire plumes. We found that the value of
a does not affect the linear correlation betwegn,@and Q no.ciin ambient ainor the correlations
between ozone enhancements in wildfire plun3; (,y andAO; no.cl)- Also, correcting the Oo.cr
data using different values afdoes not affect the dependence of ozone biaseowittifire plume tracers
(such as CO, PMos, and ultrafine particles). We presented the redalta=0.0045 in this paper. The
results for Q no-c. corrected using=0 anda=0.0132 are included in Figures S1-S7 in the Suppital
Information.

The linear regression analysis fog .cc.and Q yyYyields a slope, an intercept and anoR
1.00+0.01, (-4.73)£0.39 ppbv and 0.920, respegtivelthe 1-h average data, the WV correction
increases ozone values in the range of 0.1 tof@6,pvith a mean of 3.5 ppbv and a median of 3iB/pp
In the latest NAAQS for the {FRM for both the ET-CL and NO-CL{&nalyzers (US EPA, 2015), an
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air dryer is required to remove WV from sampledugistream to the ozone analyzers to minimize the
WV interference in ozone monitoring. A Nafion memhe was used in a few studies to remove WV and
mitigate the WV effect on ET-CL or NO-CL;®neasurements (Bariteau et al., 2010; Spicer,e2@l0;
Boylan et al., 2014).

3.2 Comparison of UV Oz and NO-CL Oz data

The 1-h time series for the UV;Q0; ) and NO-CL Q (Os_no-ci) are plotted in Figure 3. The
UV O; and NO-CL Q measurements follow each other very well, showlregsame trends and structures
in ozone profile and generally excellent agreeméttit each other.

The scatter plot in Figure 4a shows a strong caticel between hourly 9,y and Q no.c. data
with an R of 0.920, a slope of 1.00+0.01, and an intercépt.d3+0.39 ppbv. During our two-month
measurement period ;Qo.c. is in the range of 19.0-78.0 ppbv, with a mea#%6 ppbv, and a median
of 44.9 ppbv; Q yy is in the range of 24.2-82.6 ppbv, with a meananuedian of 50.4 and 50.1,
respectively. The UV @averaged slightly higher with a 4.7 ppbv offsemitarly, Ryerson et al. (1998)
found that the UV absorption instrument measurigthsy higher ozone than the NO-Clz@nalyzer in
the airborne study of ozone in power plant pluriié® discrepancy was traced to a decrease in the
photon counting efficiency in flight. In responsyjerson et al. (1998) multiplied the NO-Cl; @ata by
the in-flight average ©u,—t0—-0; no.c. ratio of 1.045. A relatively large bias between40 O; and UV
O; was observed during Aug. 11-14. During this peviedsee no evidence for instrument malfunction in
either NO-CL Q or UV O; analyzers. The bias could not be explained byehlimidity or measured
pollutants. While we have no good explanation lfar bias during this period, including these datauin
analysis does not affect the results and conclasion

Considering that NAAQS £compliance is based on the maximum daily 8-h ayee(MDAS8) of
ozone, we calculated the MDAS8 for both NO-CE &nd UV Q. Figure 4b shows the strong correlation
between the NO-CL £IMDAS8 and the UV @ MDAS, with a slope of 1.04+0.04,°»f 0.93 and intercept
of -7.07+2.05 ppbv. As with the hourly averages, MiDA8 measured by UV £shows slightly higher
values compared to the NO-Cl;,ut overall excellent agreement.

3.3 Mt. Bachelor Observatory wildfire plumes

To investigate the effect of aerosol and gaseollstpots on the UV photometric ozone
measurement, we plotted the 1-h average ozonebéasst wildfire plume indicators (e.g., CO, PM
ultrafine particles) and dry aerosol scattering%@ nm ). The scatter plots of C@s, PM,, and
ultrafine particles (UFP) are shown in Figures®a,5c¢, and 5d, respectively. All of these plotsvgla
similar pattern: no positive or negative relatiapstetween ozone bias and C£, PM,, and UFP. The
elevatedss,, UFP, and CO values indicate pollution events,timéom wildfires smoke as seen at MBO
during summer. This result indicates that, withitiet filter in place, as is required for GEM and Q
FRM (US EPA, 2015), the wildfire gaseous pollutadisnot significantly affect UV photometric ozone
measurements. In addition, the ozone bias betwgeR &nd Q no.c. was not affected by high ambient
aerosols or gaseous pollutants concentrationsgithia study.

The 5-min average MBO dataset was used for wil@fiuent identification, enhancements, and
enhancement ratio calculation. According to thermudentification criteria in Section 2.3, we idéad
35 wildfire events during Aug.1 — Sept. 30, 2018ble 1 summarizes the characteristics of these
identified plumes, including plume start/end tiraggin, age, and ozone enhancement ratios (RMA
regression slope to CO). Because we were lookitigeagsmoke interference on UV ozone photometer,
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some bigger plumes were divided into smaller evaotsrding to the correlation between aerosol
scatteringss, and CO, which focuses more on chemical varianiterahan the source of the plumes.
Among these 35 wildfire events, 28 events were sriakn regional wildfires in the northwest of the
US, including northern California (CA), Oregon (QRhd Washington (WA); 7 events (events 16-22)
were wildfire smoke heavily influenced by Siberfarest wildfires via Asian long-range transport
(ALRT) (Laing et al., 2016).

The normalized submicron dry aerosols mass enhamtenatios APM/ACO) for the identified
plumes were in the range of 0.18 — 0.45 |iyppbv?, with a mean of 0.29+0.07 pghppbv?, similar to
previous observation of 0.06 — 0.42 ug ppbv'in 32 wildfire plumes at MBO reported by Wigderabt
(2013b). The CO-normalized ozone emission rati@ (/ACO values were in the range of (-0.031)—
0.408 ppbv ppb¥, with a mean of 0.070+0.084d)Lppbv ppb¥, andAO; no.c/ACO values were in the
range of (-0.021) — 0.303, with a mean of 0.070%8.(Is) ppbv ppb¥. Both sets of ratios are within the
AO4/ACO ratio of (-0.1)-0.9 ppbv ppthn wildfire plumes reviewed by Jaffe and Wigde®12). The
ratios are also close to tA®3/ACO ratio of 0.01- 0.51 ppbv ppbvor wildfire plumes observed at
MBO by Wigder et al. (2013b). The modified combastefficiency (MCE, calculation method details in
Biggs, et al. (2016)) for the plumes is 0.87— 0\ a mean of 0.95+0.03. The plume ages are
estimated to range from 6 hours to 6—7 days for AfflRm Siberian forest fires. ThePM,; andACO are
linearly correlated for all the identified plumegith an overall slope of 0.28 pghppbv'. The
APMy/ACO enhancement ratio for the individual wildfireiples is 0.19-0.58 pghppbv!, which is
typical for wildfires (Wigder et al., 2013b).

3.4 UV photometric Oz analyzer performance in thewildfire plumes

For each wildfire plume we calculated apghhancement\Qs), normalized @enhancement
ratio (AOs/ACO) by ratio of enhancements@andACO) method and linear regression (betweegar@
CO) method, using both UV{&and NO-CL Q. Linear regression analysis in Figure 6a showsoag
correlation between ozone enhancement measurédnrep by the UV @(AO; ) analyzer and the
NO-CL O; (AO3 no-c1) analyzer, with a slope of 1.03+0.07, an intera#p0.20+0.90 ppbv, and arf gf
0.86. Not all wildfire plumes show ars®nhancement, so not all plumes have a CO armb@elation.
Figure 6b presents the correlation between thg&0-CO and Q no.ci-to-CO RMA regression slopes
for 9 wildfire plumes in which both Qv and Q no.c. are linearly correlated to CO witHF0.60. This
excellent correlation betweer; @,-to-CO and Q yo.ci-t0-CO enhancement ratios yields a slope of
1.00+0.04, an intercept of (-4.96 + 2.28) *3ipbv ppb¥ and an Rof 0.983. The strong correlations
between @ yy and NO-CL Q no.c. enhancement in wildfire plumes (Figures 6a andd@imjonstrate that
the UV O; monitors were not affected by the wildfire plum&ke ozone enhancement biA©§ pias=
AQO; yy- AO; no-c) In the individual wildfire plumes are plotted agst the enhancement of wildfire
plume indicatorsACO, Acsp, AUFP, andAPM,) in Figure S8 fo=0, in Figure S9 fon=0.0045, and in
Figure S10 fon=0.0132 in Q no-c. correction. All the RMA regression results arédlisin Table S1.
The independence betweg@; bias and the gaseous and aerosol wildfire plumieators ACO, Acs,,
AUFP, andAPM,) further confirms that the UV {photometer is not affected by wildfire plumes,
regardless of the value used in NO-CL £xorrection.

A previous chamber study showed that Uyrbnitors were positively biased by fresh biomass
burning (BB) smoke. Payton (2007) measured ozomBismoke from a large combustion chamber
simultaneously with four UV @monitors, one ET-CL @detector, and one NO-CLs@nalyzer from a
common inlet with a Teflon filter. He reported eosty linear correlation between ozone bias (UY O
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minus ET-CL Q) and the PMslevel in fresh BB smoke from 19 burns, with 1 to@lgpbv Q
interference on UV @per 100 pg M of PM,s and a mean of 5.1-6.6 ppby er 100ug i PM,sin the
BB smoke (Payton, 2007). However, this study exahi®; concentrations in an indoor facility with no
new ozone formation. Thus it is difficult to integp these results with respect to ambient air guali
monitors. Our results indicate no bias in UY@onitors at PM levels up to 288 ug'mnd CO levels up
to 1076 ppbv.

We estimated potential interference on Uyrieasurement by aromatic VOC in wildfire plumes.
Because there is no direct measurement for aroisadicies, we estimated the concentrations of aromat
compounds based on the literature according tenfigsion factors of CO and aromatic VOCs (e.g.,
benzene, toluene, ethylbenzene, (p,m,0)-xyleng@ytivtenzene, ethyltoluene, and trimethylbenzene) in
BB plumes (Akagi et al., 2012; Yokelson et al., 2QQusing CO as a tracer. We estimated that aecklat
emission factor for aromatic VOCs in BB plumes.i433(ppbv per ppmv of CO). An aromatic VOCs
interference study by Leston et al. (2005) shovked )V O; analyzers overestimated Gy 0.28% with
1 ppbv of aromatic VOCs in the sampled air. Ushmege two factors, we estimated that on average the
aromatic compounds co-emitted with 1 ppm of CChmwildfire plumes will give the UV ©monitor a
positive bias of 1% eresponse. The CO enhancement in the 35 identifilefire plumes ranged from
44-909 ppbv (with a mean of 2771208 ppbv) and ttezage NO-CL @is 49.0 ppbv in this study.
Therefore, the aromatic compounds in the plumekiamause 0.02-0.42 ppbv (mean of 0.13+0.10 ppbv)
O; interference on the UV Omonitors. This number is much smaller than the@i\nstrument
precision of 2% at 50 ppbvsO

We also estimated potential interference on UMb®mercury in wildfire plumes. Spicer et al.
(2010) reported 1 ppbv of{nterference from 1 pptv of mercury in sampled Rinley et al. (2009)
observed a total atmospheric mercury (TAM) emissida from biomass plumes of 1.4+0.6 pg per
ppbv of CO. If 1 ppm of CO is seen in a wildfireigle, then TAM concentration in the plume is about
1.4%0.6 ng A, or 0.2 pptv, which could cause @terference of 0.2 ppbv, again a value that is
significantly smaller than the UV {nstrument uncertainty of 2%.

4, Conclusions

We compared the two ozone measurement technigddB@tduring the 2015 wildfire season.
The results from UV @and NO-CL @ monitors are well correlated. The 1-h average U\a@l NO-CL
O; RMA linear regression analysis results in a slepeintercept, and arfRf 1.00+0.01, -4.7+0.4 ppbv
and 0.92, respectively. The RMA linear regressioalysis for MDA8 Q yv and MDA8 Q no.c. Yields a
slope, an intercept, and af & 1.04+0.04, -7.1+2.0 ppbv, and 0.93, respegiivEhe UV method is
biased higher by approximately 4.7+2.8 ppbv.

We observed a total of 35 wildfire events during tlvo-month observation period with Piihd
CO enhancements up to134 ug and 909 ppbv, respectively. We found an excettentelation
between the ozone enhancements and CO-normaliped @nhancement ratios of the UY &nd the
NO-CL Os. The small ozone bias between the Uyadd the NO-CL @was not correlated to any
wildfire plume tracers (CQysp, UFP, PM). The excellent correlation between the two ozone
measurements and lack of dependence between ozmnara wildfire plume indicators shows that the
ozone FEM measurement by UV photometers is reliabds in highly concentrated wildfire plumes.

The NO-CL Q analyzer showed some interference from water viapair due to the WV
quenching on excited NO Based on one calibration, we found a quenchifegefactor of 0.0132,
which is about three times higher than the prevoreported results. However, correcting the NO<QiL
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data with three quenching factors of 0, 0.0045@&0d32 changed the UV;@nd NO-CL Q bias slightly
but had no impact on our overall conclusions.
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Figure 1. (a) A schematic flow chart of the custorade NO-chemiluminescence ozone analyzer and
the collocated UV ozone photometers. (b) A scherfliiv chart of the ozone generation system for
standard ozone addition to the ambient air for @Giesensitivity test by the NO-CL Lanalyzer in
ambient conditions. The blue arrow shows the flolwemw the sampling/calibration solenoid is in
sampling mode; the green and red arrows show te glath when the NO solenoid is in the zeroing
phase or measuring phase, respectively.
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647 Figure 2. Scatter plots of ozone bias against amibiater vapor (WV) using 1-h average data with
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Figure 4. Correlation between ozone measured byUteO; photometers (©y,) and the NO-
chemiluminescence (Quo-c) 0zone analyzers at Mt. Bachelor Observatory fAang. 1 to Sept. 30,
2015. (a) All 1-hour average ozone data and (b) M@#&one data, observed. RMA linear regression
was calculated using software for Reduced MajorsArigression for Java developed by Andrew J.
Bohonak and Kim van der Linde (2004). The NO-Ck data have been corrected for water vapor
interference witlu=0.0045.
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Figure 5. Scatter plots of hourly ozone bias (@c. wOs uv) against wildfire event indicators
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679 Table 1. The 35 wildfire events identified at Mtadhelor Observatory during Aug. 1, 2015-Sept. 30,
680 2015

681
o /co [ Pm,/cO
Wildfire [ Start Time [ End Time | (=~ [Plume| Mm | e 0, o/ 0| O,,,/CO | aco (20O, | 2O,
Events# (UTC) (UTQ) Age 1 3 (ppbv/ppbv) [ (ppbv/ppbv) [ (PPbY) [ (ppbv) |  (ppbv)
/ppbv) | /ppbv)
8/9/15
1 1o [8/9/15835 OR  |12-18h|0.96:0.08| 0.562 | 0.284 0.026 0.027 |1720| 168 | 215
2 8/9/15 [ 8/9/15 CA/OR |[18-a0h|0.94:0.09| 0.789 | 0.368 0.021 0022 |286.0| 489 | 155
16:50 20:00 O : : ' ' i :
3 8/;2/015 8/61%/015 cA/OR |6-18h|0.91:0.03| 0669 | 0272 0.026 0.027 |909.2|12.14| 12.75
4 8/10/15 | 8/10/15 | \/or | 6-12h |0.95:0.04| 0707 | 0322 0.029 0.030 [3782| 785 | 872
6:45 10:25
5 8/10/15 | 8/10/15 CA  |12-18h|0.97:0.05| 0598 | 0.290 wC we 1855]-0.75 | -0.05
11:40 14:35 IR : ' : : '
6 8/10/15 | 8/10/15 |\ op  ba-32h|0.92:0.07| 0743 | o0.286 0.025 0.026 |668.7|14.12| 10.90
14:25 19:15
8/10/15 | 8/10/15
- +
7 1930 045 CA  |24-30n|0.96:0.07| 0.465 | 0.197 wce e 1935] 612 | 669
8/10/15 | 8/10/15
8 050 5305 CA 48h |0.98:0.04| 0.894 | o0.62 0.123 0127 |1704(1236| 7.6
9 8/3,11/515 8/71,2/015 OR  |48-54h|0.98:0.07| 0498 | 0.302 wC we 124.1] 3.64 | 1179
10 | &/13/15 | 8/14/15 OR <10h |0.99:0.11] 0295 | 0.235 wC we 589 | 729 | 437
23:30 1:45
11 | 84S | 8/14/15 OR  [12-18h|0.99:0.12| 0382 | o0.294 wC we 413 | 743 | 972
2:05 7:40
12 8/91,‘;/015 S/l?éés OR/CA [24-30n|0.92:0.08| 0317 | o0.185 -0.034 0035 |387.1| 792 | 1089
8/14/15 | 8/14/15
- +
13 1730 2100 OR/CA [24-30n|0.98+0.05| 0.821 | o0.582 wC we 837 [12.41] NA
8/14/15 | 8/15/15
- + - _
14 s 00 CA  |24-48n|0.9420.26 | 1.205 NA wce WCe 50.6 | -1.58 | -1.07
15 | B/AS/AS [ 8/ psen |30.42n0.99:0.08| 0508 | 0294 wC we 486 |19.82| 1473
6:10 11:55
16 | &/ [ 815 e | 67d [0.94%006| 0.861 NA 0.058 0.060 |[330.2|22.69| 25.05
23:05 5:20
17 | A5 [ 8815 e | 67d [0.98+0.06| 0.685 NA wce WCe 11892692 | 3295
15:40 7:40
18 | B85 [ 81115 1 o | 67d |0.97:0.02| 0969 NA wC we 197.0 | 24.04 | 2850
14:00 8:40
8/19/15 | 8/19/15 Lo
_ +
19 1030 1700 Siberia | 6-7d [0.92¢0.11| 0.792 NA wC we 2567|1958 | 17.23
20 | B/1/15 [ 820715 | ke | 67d [0.97+008| 0782 NA wce e 140.0 | 2047 | 16.76
17:45 2:00
8/22/15 | 8/22/15 L
- +
21 1500 110 Siberia | 6-7d [0.9420.05| 1.276 | 0.420 wce e 465.7(23.28 | 21.58
2 | NS [ 82315 1 o i | 6-7d |0.98008| 0718 | 0368 0.095 0.099 95.1 | 1217 | 12.09
22:20 8:00
3 | 82315 [ 824715 1\ op | 6.5an |0.9820.01| 0604 | 0235 wce e 477.1[1953 | 24.60
15:40 7:40
g | 824735 | 824715 1\ op |120an]0.9020.12 | 0704 | 0253 wce e 4905 | 16.83 | 17.89
7:30 12:20
8/24/15 | 8/24/15
25 1635 130 CA/OR | 6-24h|0.93:0.09| 0970 | 0350 wC we 507.9| 9.58 | 10.70
26 | 8/25/15 | 8/25/15 | cA/OR |18-42h|0.87:0.14| 0659 | 0.277 0.030 0031 |[3727| 799 | 837




682
683

23

4:35 7:00
27 | 8/25/15 | 8/25/15 CA/OR |18-32h|0.910.11| 0.612 | 0.288 we we 3546| 752 | 1033
9:20 15:00
8/25/15 | 8/26/15
- +
28 15.30 19:05 CA/OR |18-24h|0.91+0.08| 0531 | 0.213 we we 348.7| 4.63 451
29 | &/26/15 | 8/27/15 OR 6-12h [0.95:0.04| 0484 | 0.236 we we 285.0|11.00| 8.69
14:15 2:20
30 | 82715 | 8/27/15 cA/OR | <6h |0.90+0.07| 0556 | 0.229 e e 656.9 | 7.98 6.31
2:20 23:30
31 | 8/28/15 | 8/29/15 OR/CA |12-18h|0.95:0.06| 0.435 | 0.236 we we 277.7| 415 492
19:00 6:45
32 | A0/15 [ 9710715 4 or  |2a-32n]0.9820.14 | 0492 | 0331 we we 67.7 | 1247 11.40
11:55 15:45
9/12/15 | 9/12/15
N
33 9:00 1595 OR 6h 0.98+0.15| 0.699 | 0.398 e e 623 | 6.21 8.45
9/12/15 | 9/12/15
- +
34 1600 005 OR 12-18h|0.974+0.12| 0393 | 0.216 e e 105.9 | 4.93 6.68
9/12/15 | 9/12/15
- +
35 015 210 OR 12-18h{0.99:0.07| 0.355 NA we we 916 | 2.18 5.08
Mean 0.95:0.08| 0.663 | 0.301 0.040 0.041 |2703|1084| 11.25

Note: NA = data not available; WC = weak correlati@R’<0.6).




Highlights

1. UV is consistent with NO-CL in mountaintop O; measurement.
2. UV agrees with NO-CL in O3 enhancement during 35 wildfire events.

3. The UV O; photometer is reliable in aged wildfire plumes.





