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10  Abstract

11  In this paper, we report the climatology of tropospheric ozogeai@l sub-micron

12 aerosol scattering at the Mt. Bachelor Observatory (MBO, 2.8 km asl) in central

13 Oregon, USA, during 2004-2015. The seasonal cycle fahOwed a bimodal

14  pattern with peaks in April and July, while aerosol scattewrg Was lognormally

15  distributed with a very high peak in August and a smaller peak in May. The gean O
16  concentrations showed positive and significant trends in all seasons except winter,
17 with a slope of 0.6—0.8 ppbvyr Monthly criteria for isolating free tropospheric (FT)
18  and boundary layer influenced (BLI) air masses at MBO were obtained based on

19  comparison of MBO water vapor (WV) distributions to those of Salem (SLE) and

20 Medford (MFR), Oregon, at equivalent pressure level. In all seasons; Wa<)on

21  average, higher than BLIzObut the seasonal patterns were rather similar. &dine

22 FT mean in spring was higher, but the BLI mean in summer was significantly higher,
23 indicating the importance of regional wildfire smoke.

24 To better understand the causes for the seasonal and interannual trends at MBO, we
25 identified four major categories of air masses that impact&bon monoxide (CO)

26  and aerosols: upper troposphere and lower stratosphere (UELi®)yu3ion, Asian

27 long-range transport (ALRT), Arctic air pollution (AAP) and plumes from the Pacific
28 Northwest region (PNW). ALRT and PNW plumes can be further divided into

29  wildfires (WF), industrial pollution (IP) and mineral dust (MD). Over the 12 years of
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(ERs) and Angstrém exponents (AEs) of aerosols walailated for all events. The
lowest slope of\csy/AOs is a unique feature of UTLS events. PNW-WF eveatse

the highest averages faes/ACO, Aosy/AOs andAosy/ ANOy, compared to other events.
These ERs decrease during long-range transpotbodhe shorter residence time of
aerosols compared to the other pollutants. ALRT-8Vénts have lower absorption
AEs (R,p) than PNW-WF, implying that brown carbon (BrC)inerated from
biomass burning but its fraction decreases duwng-range transport. Signatures of
ERs and AEs are useful tools to identify differphtme categories. These results
demonstrate the increasing impact of baseliper©US air quality due to both global

sources and regional wildfire events.

Keywords: tropospheric ozone; sub-micron aerosols; west&nddhancement ratios;

backward trajectories; long-term trends

1. Introduction

Tropospheric ozone {Pand airborne particles (aerosols), especiallg particulate
matter (PM_ or PMy), have significant impacts on human health andcetheronment
(Davidson et al., 2005). {plays an important role in atmospheric chemisiry e
global climate (IPCC, 2014). Sulfate and other kdygorption aerosols have a
dominant cooling effect and partially offset wargnidue to aerosol absorption and
greenhouse gases (GHGs) (Charlson et al., 1992ZcRwsd Posfai, 1999; IPCC,
2014). There are at least four sources of tropasplg and aerosols in the western
US: upper troposphere and lower stratosphere (UTrii8)sion, Asian long-range
transport (ALRT), Arctic air pollution (AAP) and grnes from the Pacific Northwest
region (PNW). In the western US, background souot€3 and PM are more
important compared to other parts of the US (Jaiffa., 1999; Heald et al., 2006;
Zhang et al., 2009; McDonald-Buller et al., 20 )RT can be broadly classified
into three categories: biomass burning, minerat dod industrial pollution (Fischer
et al., 2010a; Ambrose et al., 2011).

In the troposphere, {xomes from secondary photochemical processesvimgpl
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nitrogen oxides (NQ nds

(VOCs) plus intrusion of stratospheric air. A siggant increase in springtime;O
mixing ratios in the western North America has belkserved by Cooper et al. (2010)
with evidence that it is influenced by increasimgqursor emissions from Asia. Lin et
al. (2012) argued that much of the recepir@rease was driven by variability in
circulation. Among the Asian sources of, Siberian wildfires could also be an
important contributor (Gratz et al., 2015). UTL$usions have also been linked to
high-O; events in the western US, especially in springtiAmabrose et al., 2011,
Langford et al., 2012; Lin et al., 2012; Langfotdak, 2017). Regional wildfires in
the western US also contribute significantly to suentime Q enhancement (Pfister
et al., 2006; Jaffe et al., 2008; Jaffe et al.,.2®aylon et al., 2015).

Aerosol optical properties, including scatteriagy)and absorptiornsg,), are useful
indicators for source identification. The waveléndependence ok, is
parameterized using the scattering Angstrom expoley), defined as follows
(Angstréom, 1929):

g,=A" (1)

Because the coefficient, decreases with wavelength for smaller aerosoigbest
Asp will be larger for smaller particle distributio(Boren and Huffman, 1983). In a
similar way,A,, is the absorption Angstrém exponent which is ezldb the
composition, shape and mixing state of the aenoaxticles, leading to size variation
as well (Bergstrom et al., 2007):

g, = A" )

Optical coefficientsdsp andoap) together with their wavelength dependendes (
andA,p) reflect the differences of diverse aerosol plunespecially between dust
aerosols and combustion-generated carbonaceousbse(Bialho et al., 2005; Clarke
et al., 2007; Yang et al., 2009; Fischer et all12@appa et al., 2012; Cazorla et al.,
2013).

The slope of a regression curve between two paitstis known as the

enhancement ratio (ER), which is an important fooplume source apportionment.
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3 X
normalized to CO is often used to identify and eltarize the production or loss of
the pollutant in smoke plumes, especially wildftames (Goode et al., 2000;
Bertschi et al., 2004; Honrath et al., 2004; Bdrtsmd Jaffe, 2005; Pfister et al., 2006;
Val Martin et al., 2006; Real et al., 2007; Patiale 2009; Alvarado et al., 2010;
Fischer et al., 2010b; Singh et al., 2010; Wigdexl.e¢ 2013). This method accounts
for air mass dilution given the simple and well arslood processing of CO. Jaffe
and Wigder (2012) summarized reportgds/ACO values for wildfire plumes
arranged by biome type and by plume age and fduaidhe averageOs/ACO ratio
increases with plume age and also that tropicabnsgend to have significantly
greater ratios compared to boreal and temperatenggHowever, they also reported
large variability inAO3/ACO ratios. Wigder et al. (2013) focused on ARM1/ACO
ratio in wildfire plume events and found evidencedecondary organic aerosol (SOA)
production in wildfire plumes. However, they foutlgit with longer transport time
PM; loss is greater than SOA production. Baylon ef20115) looked into wildfire
plume events and calculated multiple ERs, includiag/ACO, AO3/ACO,
ANO,/ACO, ANO,/ACO, ANO,/ANOy andAPAN/ANQ,. The correlation between
AO5/ACO andANO,/ANO, implies that the degree of NOxidation is a key predictor
of Oz production.

In this study, we report on seasonal variationsiatetannual trends of {and
sub-micron aerosols at the Mt. Bachelor ObservadiO) in central Oregon, USA,
for 2004-2015. MBO has one of the longest, contisuecords of free tropospheric
measurements in North America. Over the 12 yeaobsérvations, 177 individual
plume events were identified based on elevatgdd; or CO. The purpose of this
study is to identify background sources gfddd aerosols in the western US and
characterize each category by a series of sigrainckiding enhancement ratios and
aerosol optical properties. We recognize that niages have multiple sources
associated with them (Cooper et al., 2004), butaveidentify the major contributors
through gridded emissions for fires and induspi@lution, combined with air mass

backward trajectories.
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2. Methodology
2.1. Site description and measurements of air pollutants
Mt. Bachelor Observatory (MBO) is located on thenmuit of a dormant volcano in
central Oregon (43°389” N 121°4110” W, 2763 m asl). Due to its elevation and
distance from major US source regions, local pwituts relatively rare at MBO.
Mixing ratios of Q and CO, scattering coefficient of sub-micron ael®and
meteorological parameters (e.g., air temperatuesspre, relative humidity, wind
speed and direction, water vapor) have been mehfara 2004 to 2015. Mixing
ratios of nitrogen oxides (N@nd NQ), PAN and mercury as well as sub-micron
aerosol scattering and absorption coefficientsdtipte wavelengths have been
measured during specific campaigns. Detailed instntation with method detection
limits (MDLs) and estimated total uncertainties (8¢ePenzias et al., 2006; Fischer et
al., 2010a; Fischer et al., 2010b; Virkkula, 20Af1brose et al., 2011; Fischer et al.,
2011; Chen et al., 2013; Baylon et al., 2015; Geatal., 2015; Briggs et al., 2016) is
described in Table S1 in the Supporting Informagsh).

Both aerosol scattering coefficientf) and absorption coefficient,) are reported
at ambient temperature and pressure condition$ &dfjat 450 and 700 nm ard, at
467 and 660 nm, dimensionless intensive opticgigntees, including scattering

Angstrom exponent,) and absorption Angstrom exponedd), can be calculated

as follows:
In(o’®/ g7
Af——l( o) 3)
n(450/70Q
__In(a§§7/a§§°)

P~ In(467/66( @

The coefficients at blue and red wavelengths wéheed in the calculation of the
intensive properties, whereas we use the scattedafjicients at green wavelength to

calculate plume enhancements and enhancementwatiosther pollutants.

2.2. Sounding data analysis

Twice daily (0 and 12 UTC) meteorological soundiaja were obtained from the
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146  quantify the vertical distribution of water vap&¥Y/) concentrations. This was used
147  to help identify free tropospheric (FT) and bourydayer influenced (BLI) air masses
148  at MBO. Soundings from Medford, Oregon (MFR, 42.86°122.86° W, 405 m asl),
149  and Salem, Oregon (SLE, 44.91° N, 123.00° W, 6%y were used to compare with
150 the monthly MBO WYV distributions at equivalent pase level (720-740 mbar). We
151  have used similar techniques previously but abameal resolution (Weiss-Penzias et
152 al., 2006; Fischer et al., 2010b; Ambrose et a@l1,12.

153 Ozonesonde data from Trinidad Head, California (TAD.05° N, 124.15° W, 107
154  m asl), during 2004—-2015 were obtained from therEaystem Research Laboratory
155  (ESRL) of NOAA (http://www.esrl.noaa.gov/gmd/ozwgsondes). The THD

156  ozonesonde data are collected in the daytime (32200 UTC, or 8:00-14:00 local

157  time).

158  2.3. Backward trajectory analysis

159  We computed 240-hour air mass backward traject@maes MBO for every hour of
160 identified plume events using the Hybrid Singletlee Lagrangian Integrated

161  Trajectory (HYSPLIT) model version 4 (Draxler andds$, 1998). For 2004 we used
162  meteorological data from the Eta Data AssimilatBystem (EDAS) (40 km x 40 km)
163  and the Final Global Data Assimilation System (FKL91 km x 191 km), and for
164  2005-2015 we used Global Data Assimilation Syst8éAS) 1° x 1° gridded

165 meteorological data. The starting height was seet@é800 m above ground level

166  based on terrain height in the 1° x 1° gridded metegical data.

167  2.4. Wildfire maps and gridded industrial CO emission inventories

168  Daily MODIS fire detection data for North Americaaws/obtained from the United

169  States Department of Agriculture (USDA) Forest Ssrv

170  (http://activefiremaps.fs.fed.us/gisdata.php). PMIODIS fire detection data for

171  Eurasia was downloaded from the Fire InformatianResource Management System
172 (FIRMS) of the US National Aeronautics and Spacewkistration (NASA)

173 (https://firms.modaps.eosdis.nasa.gov/downloadfdded maps (0.1° x 0.1°) of
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on the Hemispheric Transport of Air Pollution (HTAMttp://www.htap.org).

2.5. Enhancement ratio analysis

For each plume event, we performed correlationysealamong gaseous pollutants
(including G, CO, PAN, NQ and NQ) andos, Enhancement ratios were calculated
by taking the slopeAY/AX) from the reduced major axis (RMA) regression lestw
XandY (Baylon et al., 2015).

3. Results and Discussion

3.1. Climatology of tropospheric O;

3.1.1. Seasonal variation of the;@ixing ratio

Using the 12-year database (2004-2015), we préseiseasonal variation of thg O
mixing ratio at MBO. Fig. 1 shows the distributiohOz; mixing ratios by month. A
bimodal pattern with peaks in April and July waarid, which reveals the influence
of ALRT, UTLS and regional wildfires in spring asdmmer. The monthly average
O3z mixing ratio had the highest value (50.4 ppbvApril and the lowest (40.5 ppbv)
in November. @at MBO was highest in the springtime, which wdkienced by
both ALRT and UTLS intrusion (Weiss-Penzias et2006; Cooper et al., 2010;
Ambrose et al., 2011; Lin et al., 2012; Gratz et2015). Enhancements in
summertime @at MBO were mainly from regional wildfires in tinestern US (Jaffe
et al., 2013; Wigder et al., 2013; Baylon et a]2) and UTLS intrusion in early
summer, although Siberian fire plumes also contellmecasionally (Ambrose et al.,

2011). The contribution of each source is furthecuassed in Section 3.4.

3.1.2. Trends and interannual variation of thgr@ixing ratio

Fig. 2 shows the interannual variation of Ity season from 2004 to 2015. From 2004
to 2015, the meannixing ratio in spring, summer and fall increa®gd).62+0.25
ppbv yr* (r? = 0.38,p < 0.05), 0.66+0.27 ppbv yr(r? = 0.38,p < 0.05) and

0.79+0.34 ppbv y* (r? = 0.35,p < 0.05), respectively. This trend appears to beedr
by Asian pollution in spring (Ambrose et al., 20&Ahd regional wildfires in summer

and early fall (Jaffe et al., 2013; Wigder et 2013; Baylon et al., 2015). However,

7
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level and 2015 has a high; @vel (Jaffe and Zhang, 2017). The trends in linegt
seasons were not significant (p > 0.05) for theggeof 2005-2014 in contrast to the
trends for the entire data record from 2004 to 20h& springtime @increase was
probably linked to the increase of Asian emissi@istz et al., 2015). The yearly
98th percentile of @at MBO, reflecting the design value, had a mogaificant
positive trend than the median (see Fig. S1 irBifeLin et al. (2015) summarized
previous @ observations from sondes, lidars and aircraft Gagms in the western
US during 1995-2014 and showed a significant pasitiend. However, the trend
significantly slowed after 2005. Interannual vadas are also very important.
Significant jumps of the average @ixing ratio were found in the summer of 2012
and 2015. The 2012 jump was probably related tartbiee frequent wildfire events as
indicated by higher mean CO and aerosols at MB(3.fitrther verified by source
identification in Section 3.4. The 2015 jump washably linked to summer wildfires
and the temperature anomaly in the western US 15 28specially June (Jaffe and

Zhang, 2017).

3.2. Climatology of sub-micron aerosol scattering

3.2.1. Seasonal variation of the aerosol scattering coefft

Fig. 3 displays the distribution of aerosol scatigicoefficient gsp,, green) by month
in logarithmic scale. Sub-micran, also has a bimodal seasonal pattern. The highest
peak occurred in August followed by a smaller paklay. Summer plume events
had a more significant influence on sub-micron sel®than spring plume events.
The highest value in August was about three oroensagnitude higher than the
median value. The springtime aerosols are maioinfALRT, including biomass
burning, mineral dust and industrial pollution @isr et al., 2010a; Fischer et al.,
2011), while summertime aerosols are mostly geaeérfiom regional and Siberian
wildfires (Wigder et al., 2013; Laing et al., 2016) summer, primary aerosols from
regional wildfires have more significant impactsMBO than aerosols from

long-range transport, although Siberian wildfires also important (Laing et al.,
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2016).

3.2.2. Interannual variation of the aerosol scatteringfeoent

Fig. 4 shows the interannual variation of sub-micaerosol scattering coefficient by
season from 2004 to 2015. For aerosol scatterirggaw an increase only in summer
but not statistically significant{ = 0.32,p = 0.06). This could be driven by recent
increases in wildfire activity in the western U&f(é et al., 2013; Wigder et al., 2013;
Baylon et al., 2015). The level of aerosol scattgin summer 2015 was
exceptionally high because of the frequent ancelaridfire events (Laing et al.,

2016).

3.3. Free tropospheric G; and aerosols

3.3.1. Criteria for FT and BLI air masses at MBO

At MBO daily upslope and downslope airflows caugg@ounced diurnal variation
in O3, WV, CQ, and other pollutants (McClure et al., 2016). Weduthe 2010-2015
sounding data from both MFR and SLE to obtain migrdistributions of the WV
concentration at the 720—740 mbar level, whichnslar to the MBO pressure. This
pressure level at MFR and SLE represent FT air esaas indicated by the lack of
diurnal WV variability (Weiss-Penzias et al., 20@@nbrose et al., 2011). Hourly WV
data from MBO at the same period were also prodessenonthly distributions. The
significant diurnal change of WV suggests an infices of planetary boundary layer
(PBL) on the air at MBO in daytime (Reidmiller ét, 2010; McClure et al., 2016).

A FT dataset for MBO was defined by the monthlytrihsition of all WV data at
720—740 mbar from the MFR and SLE soundings. Wainétl a similar WV
distribution from MBO by retaining the drier pomi@f the distribution such that the
monthly averages of the MBO data and the soundirege equivalent. The cut points
are referred to as the WV criteria for FT air masseMBO, as shown in Table 1. The
retained data represent FT air masses, while theetained data stand for BLI air
masses. The BLI air is not purely boundary layeff brir but represents a mix of the
two. MBO is influenced constantly by FT air and asionally by daytime upslope

flow to the summit from the more moist PBL air (Mo et al., 2016). The seasonal
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However with a monthly resolution rather than seasahis study contributes to a

more accurate FT/BLI isolation.

3.3.2. Free tropospheric O

Based on the WV criteria, the;@ixing ratios for FT and BLI were separated aral th
monthly averages of each are shown in Fig. 5. Tiseaesignificant difference (5-10
ppbv) between the average @ixing ratios for FT and BLI at MBO. The FT;@ad a
peak in May unlike the BLI case, but the variatiansl trends for FT and BLI{O

were similar. The most significant discrepanciesuoed in May and June, reflecting
the influence of ALRT and UTLS £ntrusion. We compared seasonal tropospheric
O3 between MBO and THD (see Fig. 5). THD troposph@gdias a bimodal seasonal
pattern, 2—8 ppbv higher than MBO. The highestayeTHD Q mixing ratios occur
in April. The significant peak of THD £n August suggests a more significant impact
of regional industrial pollution and/or wildfireempared to MBO. The difference
between THD and MBO could be caused by large-scahsport and local
photochemical condition instead of PBL influencig. 52 in the SI shows the
climatology of vertical velocity at 700 mbar in th&. THD exhibits a positive

overall vertical velocity while MBO has a negatmee. Pacific high pressure and
subsidence in northern California increaseaOTHD (Stauffer et al., 2017), while the
mean negative vertical velocity indicates greavard airflow with high WV at

MBO.

3.3.3. Free tropospheric aerosols

With the WV criteria, sub-micron aerosol scatteraogfficients for FT and BLI were
also separated, and the monthly averages shown in Fig. 6. The mean k5d, was
higher in spring, but the mean Bid, was significantly higher in summer. This
implies that the regional wildfire smoke (at lovetevation) in summer had more
influence on the BLI atmosphere while global soarcad more impacts on the FT air
masses in the rest of the year. The bimodal pattasimore prominent for the FT air

masses than BLI air masses due to springtime AloRTe free troposphere. The

10
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et al. (2016) reported that 6 of 19 biomass burewents at MBO during August
2015 were influenced by Siberian fires originathegr Lake Baikal. The next section

provides more evidence on the contribution of Sarewildfires in summer.

3.4. Plume event identification

To verify the pollution sources that cause the @ealspatterns and interannual trends
of O; andos,, we identified plume events using hourly datagfOs; or CO that are
above the 97.5 percentile of the annual datasetiddntified hours are called
“polluted hours”. A group of no less than eight secutive polluted hours, plus two
hours before and two hours after, was identified pgime event (i.e., one event is at
least 12 hours long). We referred to the pollutéimés are enhanced for each event as
the trigger pollutants. Based on these critertata of 177 plume events were
identified during 2004-2015. It should be noted thast plumes have multiple
sources.

Based on backward trajectories and correlation éetvWWV and @ plume events
at MBO can be broadly classified into four categsriupper troposphere and lower
stratosphere (UTLS) £ntrusion, Asian long-range transport (ALRT), Accair
pollution (AAP), and plumes from Pacific NorthwéBINW). UTLS events have
trajectories derived from higher elevation (50003a®m agl). ALRT events have
longer trajectories, often tracing back to Sibeklangolia, China or Japan. AAP
events have trajectories passing through the Aattiower elevations. PNW events
have shorter trajectories that originate from theift Northwest region at low
elevation. Fig. 7a exhibits the WVz@elationships for the THD sounding data (1997—
2017). WV and @are overall negatively correlated. The negatiopalofAOs/AWV
is steeper at higher elevations. MBO data showsthdar pattern as the THD data
(Fig. 7b) which can be used for source identifmatiUTLS and ALRT events
originate from higher elevations, and thus havééidy and lower WV with steeper
AO3/AWV slopes. The WV concentrations of these two aatieg are usually lower

than 3 g kg, while those of PNW events are usually higher #thankg™®. UTLS and

11
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320 often climb up and back down over the Pacific Ocgatnaining UTLS air masses.
321 Besides backward trajectories, we used the CO tevalake a rough separation.

322 When the mean CO is in the range of 110-130 ppis/considered as a mixture of
323 UTLS and ALRT. CO level below this range implies tlominant contribution of

324  UTLS while above this range ALRT. In either cases difficult to separate source of
325 Qs for an air parcel transported at high elevations.

326 ALRT and PNW events can be further categorized witdfires (WF), industrial

327  pollution (IP) and mineral dust (MD). Backward #&efories, wildfire detection maps
328 from MODIS and gridded industrial CO emission intgeies from HTAP were used
329 for identifying these sub-categories. For ALRT egean air mass may pass through
330 fire spots, an industry-intensive region (e.g.,r@hiJapan) or a desert region (e.qg.,
331  Mongolia) at low elevation (<3000 m agl). This wawarry the air pollution from all
332  of these sources. ALRT events are usually mixedtsydut we can identify which is
333 the major contributor among WF, IP and MD. ALRT-Mias elevateds, but low CO.
334  However, it is much more difficult to distinguisiLRT-WF from ALRT-IP. To

335 identify the dominant source, we estimate the C@&sion rates of WF and IP in the
336  grid boxes through which the trajectories passtermine their relative contribution.
337 The backward trajectories from MBO back to EasbAwve uncertainties of up to
338 1000 kilometers (Draxler and Hess, 1998). Thereferepartitioned the East Asia
339  region into 10° x 10° grids and identify those gnghere the air mass passes through
340 at low altitude (<3000 m agl) as “influential grid8ased on the industrial CO

341 emission inventory in 2010 from HTAP, we calculatied average CO emission rate
342  of each grid. Fig. S3 in the Sl shows the induk€i@ emission rates of all grids in
343  East Asia. The grid containing the North Chinaflagion (Beijing, Tianjin, Hebei,
344 etc.) has the highest industrial emission rate41apCO s%). Wildfire maps for the
345  East Asia region seven days (average transporj befere each event were obtained
346  from the MODIS data. We calculated the CO emissate from wildfires for each

347 fire spot based on the fire radiative power (FR&Ma the following equation adopted

348  from Kaiser et al. (2012):

12
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r =k, B [(FRP (5)

where ris the emission rate of CO, g CT;sq is the emission factor of CO that is
land cover type dependent, g CO k@iry matter); pis the conversion factor that is
also land cover type dependent, kg (dry matter)'MERP is the fire radiative power
from the MODIS dataset, MWi;i$ the land cover type, including extratropical forest
(EF), tropical forest (TF), savannah (SA), agriculture (AG), and so amdxf are
from the study of Kaiser et al. (2012), and land cover information is from the MODIS
data by Global Land Cover Facility (http://glcf.umd.edu/data/Ic).

CO emission rates for each grid were obtained by adding up emission rates of all
fire spots in the grid. We used the ratio of wildfire/industrial (W/1) CO emission rates
in the influential grids to quantify the largest source. Fig. 8 shows the CO emission
rates and W/ ratios of an ALRT-WF event and an ALRT-IP event. If the W/I ratio of
an ALRT event is higher than 2, it is regarded as an ALRT-WF event; if lower than 0.5,
it is regarded as an ALRT-IP event; and if the W/I ratio is in the range of 0.5-2, it is
considered a mixing event (ALRT-WF/IP). Most events with influential grids in
Siberia are ALRT-WF events, while most events with influential grids in China are
ALRT-IP events.

Most PNW events are PNW-WF with a high slope @§ACO. Air masses of
PNW-IP events usually occur when regional wildfires are absent and the air mass
circulates in an industry-intensive area with a long residence time in the western US at
low elevation (<1000 m agl). Air masses of PNW-MD events are from the desert areas
in the southwestern US with elevategut low CO. PNW-IP and PNW-MD are rare
events at MBO.

Fig. 9 shows the distribution of different types of plume events during 2004-2015
by month. UTLS events occur most frequently in spring and early summer. ALRT
events have the highest frequency in spring with a few in summer, mainly Siberian

wildfire events. PNW events mainly occur in summer and early fall.

3.5. Characteristics of typical plume events

Table S2 in the Sl shows a summary of all 177 plume events. Six typical plume events
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PNW-IP. Backward trajectories of these events hosva in Fig. 10. WV-Qand
CO-gprelations of these events are shown in Figs. S4a-8% Sl. Means and
maximum values of hourlys, Os, CO, NG, PAN, NG, and WV of these events are

shown in Table 2.

3.5.1. Event 138: 21 July 2013 (UTLS)

Event 138 occurred at 4:00-20:00 UTC on July 2132 this event, @was the

only elevated compound, while CO angwere both at very low levels.;@vas
negatively correlated with WV @R= 0.84). This event had the lowest hourly average
of WV (1.20 g kg") among the six events. The trajectories came frorary high
altitude above the Pacific Ocean (Fig. 10a). FiD B SI shows the geopotential
height at 850 mbar from the National Centers foviemmental Prediction (NCEP)
Reanalysis for the East Pacific and North Ameregian on 15 July 2013. We
observe the confrontation of high and low preszorees above the East Pacific

region, which is the primary driving force of UTi&rusion.

3.5.2. Event 151: 19 April 2014 (ALRT-WF)

Event 151 occurred between 2:00-18:00 UTC on A®jl2014. The average, rose

up to a maximum hourly average of 39.7 Mpand CO and ©elevated to high

levels. There were significant positive correlasidretweems, and CO (R=0.93)

and betweens, and Q (R? = 0.45). The hourly average WV (2.45 g Rgvas lower
than regional events. Air mass trajectories tralaldow elevation through an
intensive wildfire region at the eastern junctidrSteria and China on April 11-13
(Fig. 10b). Fig. S11 in the SI shows the CALIPSdativertical profiles one day
before arrival at the western US on April 19. Ptldust and cloud were observed in

the profiles. The W/I ratio of this event was 5.28.

3.5.3. Event 148: 20-21 November 2013 (ALRT-IP)
Event 148 took place in 2013 from 21:00 on Noven#feto 11:00 on November 21
(UTC). CO andbsp were enhanced in the plume; Was at a low level. There were

significant positive correlations betweeg and CO (R=0.91) and betweens@nd
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CO (R

which was an industry-intensive region (Fig. 10g)is path avoided wildfire
intensive regions and carried with it heavy indasgollution. The CALIPSO

profiles show the arrival of this event in the veestUS on November 21 (Fig. S12 in
SI). ALRT-IP air masses frequently experience clpumtessing during transport,
which will reduce the amount of aerosols but net@®O. The W/I ratio of this event

was 0.06.

3.5.4. Event 102: 1 May 2011 (ALRT-MD)

Event 102 occurred at 3:00-15:00 UTC on May 1, 20heoss, and Q levels were
both elevated, but CO remained low. This is typfoaALRT-MD events, which are
often mixed with UTLS air. Positive correlation ween Q andos, was observed R

= 0.54). Trajectories traveled at low elevatiorotigh the Gobi Desert region in South
Mongolia and North China, carrying a significantamt of mineral dust (Fig. 10d).
Fig. S13 in the Sl shows the CALIPSO profiles &t dnrival section in the western

US on May 1, and the profiles corroborate the pres®f mineral dust.

3.5.5. Event 123: 25-26 August 2012 (PNW-WF)

Event 123 took place in 2012 from 11:00 on Augistd®22:00 on August 26 (UTC).
Extremely high maximum hourly values @, (407 Mm™) and CO (707 ppbv) were
found in this event with a very strong correlat{&] = 0.97). NQ and NQ were also
enhanced significantly to maximum hourly values7(aid 4648 pptv, respectively).
Fig. 10e shows the local trajectories in the west#. Low-altitude trajectories
traveled through two hotspots of wildfires with higRP values in northern California

on August 25-26.

3.5.6. Event 53: 25 May 2007 (PNW-IP)

Event 53 occurred at 7:00-18:00 UTC on May 25, 20®this event, @was
enhanced with an hourly average of 64.0 ppbv wb{ewas not (an hourly average
of 124 ppbv). Trajectories circulated at low alfikuabove the Pacific Ocean and
traveled through western Oregon to MBO without ictpe wildfires (Fig. 10f). WV

was also greater than the FT cutoff value. Urbdhlupon from industries and mobile
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probably the major contributors. Trajectories fustevent were originated from
subtropical latitudes where backgroungli©lower, indicating the contribution from

local sources.

3.6. Signatures of different event categories

Table 3 shows the mean enhancement ratios (ERgpharakerosol Angstrom
exponents of different event types. These are itapbsignatures for source
identification. PNW-MD events have little data dable and are thus not listed in

Table 3.

3.6.1. UTLS

UTLS events have steep negativ®/AWV slopes (-10.05+3.26 ppbv kg which
reveals that an anomalously low WV level is usubitiiged to a strong @intrusion.
UTLS and UTLS/ALRT events also have the only negasiveragéss/AO3 among

all event types. ThaO3/ACO slope varies significantly among different UTé&nts.
UTLS events have highaiNO,/APAN (0.96+0.64 pptv ppfv) than PNW-WF events.
However, due to limited available data, this congmar should be interpreted with
caution. The higbi&Sp in UTLS events should be interpreted with cauasrwell given

the extremely low scattering coefficients.

3.6.2. ALRT-WF

ALRT-WF events have the highesDs/ACO among all event types (0.52+0.64 ppbv
ppbvY), which is caused by the large amount efp@ecursors generated from
wildfires and the long transport time for secondagygeneration. ALRT-WF and
ALRT-WF/IP events have lowd,, levels (1.45+0.02 and 1.54+0.39) than PNW-WF
events (1.81+0.59), which implies that brown carfrC) is generated from the
biomass burning process but its fraction decredsesg the long-range transport due
to photobleaching (Laing et al., 2016) fdom Siberian wildfires can be an important

influence on US surface air quality (Jaffe, 2004).

3.6.3. ALRT-IP

16



464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

Osp
due to the high level of CO in industrial pollutiorhe AOs/ACO slope of ALRT-IP
events (0.21+0.50 ppbv ppBYis higher than PNW-WF but lower than ALRT-WF.
The long-range transport gives ALRT-IP events sidfit time for Q generation.
ALRT-IP events have a less steep negati@/AWV (-7.88+6.26 ppbv kg g) than
other ALRT events, because ALRT-IP events are Usliaked to cloud process
during transport resulting in higher WV. ALRT-IPexts have the lowest avera@g
(2.02+0.20) among all types of events, indicatielgtively larger particle size. This is

possibly due to mixing with mineral dust sourcesmyilong-range transport.

3.6.4. ALRT-MD

ALRT-MD events are usually associated with UTLSnBkHal dust plumes occur in
drier air masses (lower WV), and th®s/AWV of ALRT-MD is thus steeper
(-13.94+6.81 ppbv kg Q). In recent years, ALRT-MD events are rare comgaoe
large MD events that occurred in prior years (Huaal., 2001; Jaffe et al., 2003).

3.6.5. AAP

The averagass/ACO of AAP (0.13+0.15 MnAT ppbv™) is lower than ALRT-IP.

Arctic pollution reservoir originates mainly fromdustrial pollution. One signature of
AAP events is the high CO level and low oxidanelevesulting in lowAO3/ACO
(-0.28+0.60 ppbv ppbv) and lowANO,/ACO (2.72+0.26 pptv pphv). However, the

number of events is limited to make a conclusiateshent.

3.6.6. PNW-WF

PNW-WF events have the highest;/ACO, Acsy/AOz andAgsy/ANO, among all

types of events (0.59+0.17 Mirppbv !, 10.98+13.16 Mt ppbv' and 0.10+0.07
Mm™ pptv’?, respectively). This is a distinctive feature 6f\@-WF events, where
aerosol is a dominant pollutant and has a shaggdence time than the gaseous
pollutants (CO, @and NQ) (Laing et al., 2016). PNW-WF events have a loleeel

of AOs/ACO (0.10+0.12 ppbv ppb¥) than ALRT-WF events, indicating secondary O
formation during long-range transport and conststeth greater @ production after

extended transport (Jaffe and Wigder, 2012).
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493  3.6.7. PNW-IP

494  Because MBO is near to the coast and has no large cities upwind, PNW-IP events at
495  MBO are relatively rare. These have a steeper negayAWV slope (—8.57+0.68

496  ppbv kg %) than PNW-WF events, demonstrating a stronger inverse relation likely

497  associated with BLI/FT exchange.

498 4. Conclusions

499  Mixing ratios of @Q, CO, NG, NO, and PAN and the optical properties of sub-micron
500 aerosols have been measured at MBO from 2004-2015. The monthly average O
501 distribution has a bimodal pattern with peaks in April and July. ALRT and UTLS

502 events were the main contributors of i@ the western US in spring, while regional

503  wildfires and UTLS contributed the most in summer with a non-negligible

504  contribution from Siberian wildfires. Regional wildfires had more significant impacts
505 0N a&p resulting in a very high peak in summer especially August. A smaller peak of
506 ospiS seen in May, likely due to ALRT. Between 2004—-2015, the megamixing ratio

507  in spring, summer and fall increased by 0.6—0.8 ppBvdyiven by Asian pollution in
508  spring and regional wildfires in summer and early fall.

509 We used the 2010-2015 sounding WV data from MFR and SLE at equivalent
510 pressure level with MBO to separate FT and BLI air masses at MBO. At MBS, O
511  significantly higher (5-10 ppbv) in FT air compared to BLI air. The BLI mggwas

512 higher than the FT mean in summer while lower in other seasons, showing that the
513  regional air pollution in summer had more influence on the BLI atmosphget. O

514  MBO is slightly lower than an equivalent alternative (THD) over northern California
515 due to the large-scale synoptic patterns. The bimodal pattegpveds more

516  prominent for the FT air masses than BLI air masses due to springtime ALRT in the
517 free troposphere.

518 Over the 12 years of observations, we identified 177 individual plume events.
519  These can be broadly classified into four categories (UTLS, ALRT, AAP and PNW)
520 based on backward trajectories and the Wa\relationship. ALRT and PNW can be

521  further divided into WF, IP and MD based on the CO level and the W/I ratio. Six
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exponents, regarded as signatures of differentteatagories, were calculated.

UTLS events have the lowests/AOs slope. PNW-WF events have the highest

Aos/ ACO, Aos/ AOs andAcsy ANOy among all types of events. The lower averages of
ALRT-WF events indicate the sub-micron aerosoldaborter residence time than

the gaseous pollutants. The comparisoAgbetween PNW-WF and ALRT-WF
implies that BrC is generated from biomass burnimg,its fraction decreases during

the long-range transport, likely due to photobleagh
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Table captions
Table 1 Water vapor (WV) criteria for free tropospheric/boundary layer influenced
(FT/BLI) air masses at MBO and average FT and BLI WV by month. The WYV criteria

are the cut-off values that make the MBO mean WYV similar to the radiosonde data.

Table 2 Means and maximum values of hourly air pollutant concentrations for six

typical plume events.

Table 3 Enhancement ratios (mean + standard deviation) and aerosol Angstrém

exponents of different types of plume events based on hourly data at MBO.
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761 Table 1
762  (FT/BLI) air masses at MBO and average FT and BLI WV by month. The WV criteria

763  are the cut-off values that make the MBO mean WYV similar to the radiosonde data.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

WYV Criteria
(9kg")

Average FT
WV (g kg")

3.26 264 246 255 3.06 425 514 523 460 436 344 297

207 176 185 198 230 294 336 3.66 3.05 275 220 1.96

Average BLI

. 3.99 346 341 3.65 445 558 658 6.41 572 528 4.42 3.82
WV (g kg")

764
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Table 2 Means and maximum values of hourly air pollutant concentrations for six typical plume events.

Event Eventtime Category®  osp (Mm™) O3 (ppbv) CO (ppbv) NQ(pptv) PAN (pptv) NQ (pptv) WV (g kgh)

No. Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max Mean Max
138 2013/7/21 4:00 — 20:00 UTLS 0.9 1.8 743 863 84 94 148 171 50 69 - - 120 1.97
151 2014/4/19 2:00 — 18:00 ALRT-WF  26.4 39.7 67.1 79.9 192 226 - - - — - — 2.45 3.44

148 2013/11/20 21:00 — 2013/11/21 11:00 ALRT-IP 16,6 28.6 533 57.0 215 260 - - - - - - 153 2.04
102 2011/5/1 3:00 — 15:00 ALRT-MD 4.8 6.0 70.0 775 129 134 - - - — - - 1.73 3.53

123 2012/8/25 11:00 — 2012/8/26 22:00 PNW-WF  100.6 406.7 60.7 69.4 296 707 283 577 - — 1418 4648 462 55
53 2007/5/25 7:00 — 18:00 PNW-IP 3.0 4.3 640 765 124 130 85 133 - - - - 352 529

4 UTLS: upper troposphere and lower stratosphera@usion; ALRT: Asian long-range transport; PNW: Pacific Northwest pollution; WF: wildfires; IP: industrial pollution; MD:
mineral dust.
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Table 3 Enhancement ratios (mean = standard deviation) and aerosol Angstrém exponents of different types of plume events based on hourly data at

Category® Trigger  AOJAWV Acs/ACO Ao/ AO; Aosg/ ANO AO4/ACO ANOJACO  ANOJAPAN Ay, A
pollutants  (ppbvkg g (Mm™ppbv') (Mm™ppbv') (Mm™pptv') (ppbv ppbv’) (pptv ppbv')  (pptv pptv?)
UTLS O ~10.05+3.26 0.17+0.12 ~0.14+0.12  0.04 0.04+1.53 10.08+1.80  0.96+0.64  2.66+0.88
(23/23)" (9/19) (12/23) (1/3) (4/19) 2/3) (4/5) (10) (0)
UTLS/ALRT O, ~11.0645.01 0.32+0.36 ~0.07+0.20  0.01 0.17+3.17 ~0.10+9.52  0.68 2.15+0.18 0.91+0.74
(20/20) (9/18) (5/18) (1/5) (5/20) (2/6) (1/2) 9) (4)
ALRT-WF s CO  —10.53#3.85 0.42+0.20 0.48+0.71 0.52+0.64 ~5.67+21.38 2.1940.16 1.45+0.02
(10/11) (419) (5/11) (0/4) (719) (313) (0/0) (4) )
ALRT-WF/IP 64, CO  -10.61#3.66 0.23%0.13 0.66+0.51 0.05+0.03 0.01+0.90 8.14+6.90 2.23+0.30 1.54+0.39
(619) (3/8) (5/8) (2/5) (3/9) (4/5) (0/1) (4) (4)
ALRT-IP co ~7.88+6.26  0.20+0.18 0.51+0.86 ~0.12 0.21+0.50 7.69 2.02+0.20
(15/22) (11/17) (9/18) (1/5) (13/21) (1/4) (0/0) (6) (0)
ALRT-MD osp ~13.94+6.81 -0.33 0.18+0.01 ~1.19+0.60 2.07+0.05
(313) (1/3) 2/13) (0/0) (313) (0/0) (0/1) ) (0)
AAP co ~5.85+3.40  0.13+0.15 1.39+2.40 0.05+0.04 ~0.28+0.60  2.72+0.26
(6/6) (4/6) (2/6) (2/5) (3/6) (2/5) (0/0) (0) (0)
PNW-WF 0 CO  —5.2745.99  0.59:0.17 10.98+13.16  0.10+0.07 0.10+0.12 5.83+3.11 0.35+0.25  2.16+0.20 1.81+0.59
(42/73) (58/63) (30/70) (19/25) (20/61) (19/25) (6/11) (33) (5)
PNW-IP co ~8.57+0.68 1.92 2.25 1.86
2/13) (0/1) (1/3) (0/0) (0/1) (0/0) (0/0) 1) 1)

4 UTLS: upper troposphere and lower stratosphera@usion; ALRT: Asian long-range transport; AAP: Arctic air pollution; PNW: Pacific Northwest pollution; WF: wildfires; IP:
industrial pollution; MD: mineral dust.
® The first value in parentheses gives the count of available&MtX) with considerable correlation betwe¥rmndY (R? > 0.3), and the second number gives the count of total
available dataAY/AX).
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Figure captions

Fig. 1. Statistical distributions of thes®nixing ratio at the Mt. Bachelor Observatory
(MBO) by month. The bottom and top of the box repré the 25th and 75th
percentiles (the lower and upper quartiles, glg8)drespectively. The band near the
middle of the box represents the 50th percentile fbedian). The dot near the middle
of the box represents the mean. The ends of thekets represent q3+1.5(g3—ql) and
g1-1.5(g3—q1l), respectively. The dots are outliers.

Fig. 2. Trends and interannual variations of then@xing ratio by seasoif.he points

show the mean values and the bars show the staddeimtions.

Fig. 3. Statistical distributions of the sub-micron aefasmattering coefficient at the
Mt. Bachelor Observatory (MBOT.he bottom and top of the box represent the 25th
and 75th percentiles (the lower and upper quarijgsand g3), respectively. The band
near the middle of the box represents the 50thepdite (the median). The dot near
the top of the box represents the mean. The entteafhiskers represent g3+1.5(q3—
gl) and q1-1.5(q3—ql), respectively. The dots atkeos.

Fig. 4. Interannual variation of the aerosol scatteringfiicient by season. The points

show the mean values and the bars show the staddeimtions.

Fig. 5. Means of the @mixing ratio for MBO free tropospheric air (MBO-F;TMBO
boundary layer influenced air (MBO-BLI), MBO over@BO) and Trinidad Head
(THD) at 720—-740 mbar.

Fig. 6. Means of the sub-micron aerosol scattering caeffidor free tropospheric

(FT) air, boundary layer influenced (BLI) air andeoall at MBO.

Fig. 7. Water vapor-ozone (WV-relationships for (a) the Trinidad Head (THD)
sounding data (1997-2017) at different elevatiansl, (b) different categories of
events at MBO (2004-2015), including upper tropespland lower stratospherg O
intrusion (UTLS), Asian long-range transport evgitsRT), the combination of
UTLS and ALRT, Arctic air pollution events (AAP)nd Pacific Northwest pollution
events (PNW).
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Fig. 8.

trajectories of (a) an Asian long-range transport wildfire (ALRT-WF) event (Event 36,

9 May 2006) and (b) an Asian long-range transport industrial pollution (ALRT-IP)
event (Event 148, 20-21 November 2013). Shaded grids are influential grids where
trajectories are at low altitude (<3000 m agl); the numbers above and below the line in
shaded grids are CO emission rates of wildfire and industry, respectively (unit);kg s

The W/l ratio is the ratio of wildfire/industrial CO emissions.

Fig. 9. Distribution of different types of plume events during 2004—2015 by month.
(PNW: Pacific Northwest pollution; IP: industrial pollution; WF: wildfire; MD:
mineral dust; AAP: Arctic air pollution; ALRT: Asian long-range transport; UTLS:

upper troposphere and lower stratospheyeusion)

Fig. 10. Backward trajectories for six typical plume events at MBO: (a) an upper
troposphere and lower stratospheggr@rusion (UTLS) event; (b) an Asian
long-range transport wildfire (ALRT-WF) event; (c) an Asian long-range transport
industrial pollution (ALRT-IP) event; (d) an Asian long-range transport mineral dust
(ALRT-MD) event; (e) a Pacific Northwest wildfire (PNW-WF) event; (f) a Pacific

Northwest industrial pollution (PNW-IP) event.
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Fig. 1. Statistical distributions of the;@ixing ratio at the Mt. Bachelor Observatory
(MBO) by month. The bottom and top of the box represent the 25th and 75th
percentiles (the lower and upper quartiles, g1 and g3), respectively. The band near the
middle of the box represents the 50th percentile (the median). The dot near the middle
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g1-1.5(g3—ql), respectively. The dots are outliers.
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Fig. 3. Statistical distributions of the sub-micron aerosol scattering coefficient at the

Mt. Bachelor Observatory (MBOT.he bottom and top of the box represent the 25th

and 75th percentiles (the lower and upper quartiles, q1 and g3), respectively. The band
near the middle of the box represents the 50th percentile (the median). The dot near
the top of the box represents the mean. The ends of the whiskers represent q3+1.5(q3—

gl) and q1-1.5(gq3—ql), respectively. The dots are outliers.
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845  Fig. 5. Means of the ©mixing ratio for MBO free tropospheric air (MBO-FT), MBO
846  boundary layer influenced air (MBO-BLI), MBO overall (MBO) and Trinidad Head
847  (THD) at 720—740 mbar.
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Fig. 6. Means of the sub-micron aerosol scattering coefficient for free tropospheric

(FT) air, boundary layer influenced (BLI) air and overall at MBO.
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Fig. 7. Water vapor-ozone (WV<Drelationships for (a) the Trinidad Head (THD)
sounding data (1997-2017) at different elevations, and (b) different categories of
events at MBO (2004-2015), including upper troposphere and lower stratosphere O
intrusion (UTLS), Asian long-range transport events (ALRT), the combination of
UTLS and ALRT, Arctic air pollution events (AAP), and Pacific Northwest pollution
events (PNW).
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861  Fig. 8. Gridded East Asian carbon monoxide (CO) emission rates and HYSPLIT trajectories of (a) an Asian long-range transport wildfire (ALRT-WF)

860

862 event (Event 36, 9 May 2006) and (b) an Asian long-range transport industrial pollution (ALRT-IP) event (Event 148, 20—21 Novenfbea@ed 3).
863  grids are influential grids where trajectories are at low altitude (<3000 m agl); the numbers above and below the line in shaded grids are CO emissiol

864 rates of wildfire and industry, respectively (unit: K sThe W/I ratio is the ratio of wildfire/industrial CO emissions.
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. Long-range transport and UTL S enhance tropospheric O3 in western US in spring.
. Interannua aerosol increase in summer is driven by regional and Siberian
wildfires.

. CO emission rate helps identify long-range transport wildfire and industria
events.

. Enhancement ratios and aerosol optical properties provide plume event signatures.





