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Abstract

Impact of Stratospheric Intrusions, Regional Wildfires, and Long-Range Transport Events on Air

Quality in the Western United States

Leo Miguel Paolo M. Baylon

Chair of the Supervisory Committee:

Professor Daniel A. Jaffe

Department of Atmospheric Sciences

Baseline ozone refers to observed concentrations of tropospheric ozone at sites that have
a negligible influence from local emissions. In 2004, the Mount Bachelor Observatory (MBO)
was established to examine baseline air masses as they arrive to North America from the west.
In the western U.S., air quality is impacted by local, regional, and trans-Pacific sources, which
can be natural or anthropogenic. Because of increasing baseline O3 and tighter air quality
standards, it is therefore important to understand the nature and the impact of high-ozone events

on urban air quality in the western U.S.



This dissertation is focused on three types of high-ozone events that we typically observe
at MBO and in other surface sites in the western U.S.: (1) upper troposphere/lower stratosphere

(UT/LS) episodes, (2) biomass burning (BB) plumes, and (3) long-range transport (LRT) events.

First, I looked at an anomalously high-Os springtime episode in May 2012, where I
observed an Oj increase of 2.0-8.5 ppbv in monthly average maximum daily 8-hour average O;
mixing ratio (MDAS8 Os) at MBO and numerous other sites in the western U.S. compared to
previous years. This shift in the O3 distribution had a strong effect on the number of exceedance
days. I also observed a good correlation between daily MDAS variations at MBO and at
downwind sites. This is consistent with previous studies that show that under specific
meteorological conditions, synoptic variation in O3 at MBO can be observed at other surface
sites in the western U.S. At MBO, the elevated O3 concentrations in May 2012 are associated
with low CO values and low water vapor values, consistent with transport from the upper
troposphere/lower stratosphere (UT/LS). The Real-time Air Quality Modeling System analyses
indicate that a large flux of Oz from the UT/LS in May 2012 contributed to the observed
enhanced O3 across the western U.S. Results from this component suggest that a network of
mountaintop observations, LIDAR and satellite observations of O3 could provide key data on

daily and interannual variations in baseline Os.

Second, I studied BB events that I observed at MBO during the summer of 2015.
Regional BB has the potential to increase ozone in the western U.S. especially during summer. [
explored the photochemical environment in BB plumes, which remains poorly understood.
Because I am interested in understanding the effect of aerosols only (as opposed to the combined
effect of aerosols and clouds), I carefully selected three cloud-free days in August and

investigate the photochemistry in these plumes. At local mid-day (solar zenith angle, SZA =



35°), j(NO,) values were slightly higher (0.2-1.8%) in the smoky days compared to the smoke-
free day, presumably due to enhanced scattering by the smoke aerosols. At higher SZA (70°),
BB aerosols decrease j(NO,) by 14-21%. I also observe a greater decrease in the actinic flux at
310-350 nm, compared to 350-420 nm, presumably due to absorption in the UV by brown
carbon. I compare my measurements with results from the TUV5.2 model and find a good
agreement during cloud-free conditions. I perform sensitivity runs and find that j(NO,) is not
sensitive to O3 column input. If I keep single scattering albedo and aerosol optical depth
constant, an increase in the total ozone from 280 to 400 DU leads to only a 0.8% decrease in
J(NO). Finally, I used the extended Leighton relationship to estimate mid-day HO, and RO,
concentrations and P(Os) in the fire plumes. I calculate HO, and RO; values from 49-185 pptv,

and compute ozone production rates of ~2 ppbv/hour in these fire plumes.

Finally, I looked at an LRT event on Spring 2015. I observed O3 and CO enhancements
of up to 40 ppbv and 80 ppbv, respectively, at MBO. I also used measurements from the NOAA
WP-3D Orion research aircraft during the Shale Oil and Natural Gas Nexus (SONGNEX)
campaign in Spring 2015. One of the flights during the SONGNEX campaign intercepted the
Siberian plume. Ground-based, satellite, and LiDAR data suggest that the Siberian plume was
transported at high elevation, did not encounter a high-pressure system that would have led to air
subsidence, and therefore did not cause any surface O3 enhancement. I compare our
measurements at MBO with aircraft observations and conclude that the Siberian airmass split
into two plumes in the eastern Pacific. One plume moved eastward and was sampled by MBO.
The other moved over to Alaska and then down to the U.S. Midwest; this second plume was
intercepted by the aircraft. Aoy,/ACO enhancement ratios for the Siberian 2015 plume were

higher than similarly aged plumes in previous studies, owing to dust and the absence of



particulate matter loss because of the relatively intact nature of the Siberian plume. AO3/ACO
ratio observed at MBO was higher than the aircraft because of PAN decomposition. I look at the
plume’s reactive nitrogen speciation using data from the aircraft and find that ~75% of the NOy
is stored as PAN. For ozone production to take place, the plume has to warm up (i.e., descend)
to re-form NOx. But given the high elevation of the plume and stable atmospheric conditions,

this likely did not take place.

The results of this dissertation have important policy implications. They suggest that at
the current standard, high-ozone events such as BB plumes, UT/LS episodes, and LRT events
would affect the attainment status of a site if they were not identified as exceptional events,
which the EPA defines as an uncontrollable event that affected air quality. Understanding the
nature and year-to-year variability of these events is therefore critical for an effective
implementation of the US NAAQS. Long-term measurements aimed at observing exceptional
events would be valuable. MBO is the only high-elevation site on the U.S. West Coast that
routinely observes high-O; events in the FT; however, it provides measurements at only a single
point. High-frequency measurements of Os, water vapor and CO at a network of mountaintop
sites would be valuable at observing exceptional events. Vertical profiles of O3 and water vapor
from LiDAR and ozonesondes, and satellite retrievals would also be helpful. This network of
mountaintop observations, LiDAR and satellite observations of ozone could also provide key
data on daily and interannual variations in baseline O;. Forecasting exceptional events would be
possible using high-resolution chemical transport models that have been evaluated and verified

with free troposphere observations.
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CHAPTER 1

INTRODUCTION

Baseline ozone refers to observed concentrations of tropospheric ozone at sites that have
a negligible influence from local emissions. In 2004, the Mount Bachelor Observatory (MBO;
2.8 km above sea level) was established by the University of Washington Atmospheric
Chemistry group to examine baseline air masses as they arrive to North America from the west.
In the western U.S., free tropospheric springtime ozone has been increasing since the 1990s,
likely due to increasing precursor emissions in Asia and long-range transport to the western U.S.
Biomass burning, both regional and long-range transport in origin, has also been shown to
impact air quality in the region. In the context of increasing baseline ozone and tighter air
quality standards, it is therefore important to understand the nature and the impact of these high-
ozone episodes on urban air quality in the western U.S. These events would affect the attainment
status of a site if they were not identified as exceptional events, which the U.S. Environment
Protection Agency (EPA) describes as an unusual or natural event that affects air quality but is

not reasonably controlled.

This dissertation is focused on three types of high-ozone events that we typically observe
at MBO and in other surface sites in the western U.S.: (1) upper troposphere/lower stratosphere
(UT/LS) events, (2) biomass burning (BB) plumes, and (3) long-range transport (LRT) episodes.
But before each type of event is examined in detail in Chapters 2, 3, and 4, respectively, a

discussion of the sources of air pollution in the western U.S. is warranted.



1.1 AIR QUALITY IN THE WESTERN UNITED STATES

Air quality in the western U.S. is impacted by local, regional, and trans-Pacific sources of
pollution (Baylon et al., 2016; Cooper et al., 2009; Fine et al., 2015; Jaffe et al., 2008b; Jaffe,
2011; Jaffe et al., 2013; Jaffe and Ray, 2008; Lu et al., 2016; Swartzendruber et al., 2008;

Timonen et al., 2013; Wigder et al., 2013a). These sources can be natural or anthropogenic.

The U.S. Environment Protection Agency (EPA) has set primary National Ambient Air
Quality Standards (NAAQS) for six major pollutants, including ozone. These standards are set
at levels to protect human health. The current ozone NAAQS requires that the three-year
average of the fourth-highest annual maximum 8-hour ozone concentration (MDAS) be 70 ppbv
or below (U.S. EPA, 2015). If these standards are not met, then a region is designated as a
“nonattainment area.” The state is then required to submit a state implementation plan (SIP)

which outlines the steps that it needs to take in order to improve its air quality.

Tropospheric ozone is not emitted directly into the air but is produced from the
interaction of nitrogen oxides (NOx = NO + NO,) and volatile organic compounds (VOCs) in the
presence of sunlight (Finlayson-Pitts and Pitts, 2000). It is a health hazard to sensitive
individuals (Bell et al., 2006). People most at risk include children, older adults, people with
asthma, and people who are active outdoors. Breathing ozone can trigger a variety of health
problems including coughing, throat irritation, chest pain, and airway inflammation. It can also
worsen bronchitis, emphysema, and asthma, leading to increased medical care and premature

mortality (www.epa.gov/ozone-pollution). Ozone is the third strongest anthropogenic

greenhouse gas (Henderson et al., 2012) and is the main source of hydroxyl radicals that drive
the oxidizing capacity of the atmosphere (Monks et al., 2009). It damages food crops, forests

and other ecosystems (Fiscus et al., 2005).



The U.S. EPA defines U.S. background ozone as concentrations that would be observed
in the U.S. in the absence of anthropogenic emissions from the continental U.S. (U.S. EPA,
2006). This therefore requires the use of atmospheric models and must be informed and
evaluated based on observational data (McDonald-Buller et al., 2011). On the other hand,
baseline ozone refers to observed concentrations of tropospheric ozone at sites that have a
negligible influence from local emissions (Dentener et al., 2011; Parrish et al., 2012). High-
elevation sites such as Mt. Bachelor Observatory (MBO; 2.8 km a.s.l.) are able to sample free
tropospheric (FT) air devoid of local anthropogenic emissions, and are therefore able to measure

baseline ozone.

The U.S. EPA has a nationwide network of ground-based monitoring sites that measure

CO, NOgx, particulate matter (PM, s and PM)y), lead, SO,, and Os. State, tribal, and local
agencies use these data to ensure that the NAAQS are met. Ozone correlations between these
sites are indicative of large-scale factors that influence ozone mixing ratios in the area (Jaffe and
Ray, 2008). For example, significant correlations between surface and free tropospheric (FT)
ozone reflect ozone transport from the FT to the surface (Baylon et al., 2016; Jaffe, 2011). This
can be important for urban cities, where ozone from the upper troposphere/lower stratosphere
(UT/LS) can contribute to elevated ozone in downwind surface sites (Baylon et al.; 2016;
Wigder et al., 2013a). Stratospheric intrusions have been shown to increase the MDAS ozone
values at urban and rural sites, and therefore contribute to exceedances of the NAAQS for ozone

(Ambrose et al., 2011; Baylon et al., 2016; Langford et al., 2017).

Wildfires also impact air quality in the western U.S. especially during summer. They are
an important source of CO, NOx, and VOCs, and therefore have the potential for significant

ozone formation during the fire season (Val Martin et al., 2006). During summers 1989-2010,



wildfires enhanced summer mean MDAS ozone in the western U.S. by 0.3-1.5 ppbv, but with
large interannual variability (Lu et al., 2016). Daily episodic enhancements could reach 10-20
ppbv at individual sites and 31% of the summer days from 1989-2010 with MDAS ozone above
70 ppbv would not occur in the absence of wildfires (Lu et al., 2016). Jaffe et al. (2008a)
showed that summer burned area (BA) is significantly correlated with ozone at 9 rural Clean Air
Status and Trends Network (CASTNET) and National Park Service (NPS) sites. For each 1
million acres burned in the western U.S. during summer, they estimated that the daytime mean
ozone was enhanced across the region by 2.0 ppbv (Jaffe et al., 2008a). Wildfires also increase
the number of exceedance days across the western U.S. (Jaffe, 2011). Aside from ground
observations and computer models, statistical tools are also helpful in quantifying the impact of

wildfires on urban ozone mixing ratios (Jaffe et al., 2013).

The influence of Siberian biomass burning on surface air quality in North America was
first observed by Jaffe et al. (2004). Typical transport times of ALRT events are 7-10 days
(Bertschi and Jaffe, 2005). Siberian fires during the summer of 2003 resulted in CO and ozone
enhancements of 23-37 ppbv and 5-9 ppbv, respectively, at 10 surface stations in Alaska, Canada
and the Pacific Northwest, and therefore led to exceedances in ozone air quality in the region
(Jaffe et al., 2004). Similarly, particulate matter concentrations were well-correlated between
high- and low-elevation sites (Timonen et al., 2013). This suggests that ALRT episodes can be
seen in both FT and BL. Long-range transport of Asian pollution plumes to the western U.S. has
been identified not only by aircraft and satellite measurements but also in chemical transport
models (Jaffe et al., 1999; Fiore et al., 2009; Brown-Steiner and Hess, 2011; Lin et al., 2012b;

Huang et al., 2013; Verstraeten et al., 2015).



Aside from UT/LS, BB, and LRT/Siberian events, meteorological factors like enhanced
temperatures, reduced cloud fraction, and increased stagnation can also lead to elevated ozone
concentrations (Jaffe and Zhang, 2017). These factors enhanced MDAS ozone values by 3-13
ppbv across much of the western U.S. in June 2015. Some sites had as many as 16 days above

the NAAQS threshold of 70 ppbv (Jaffe and Zhang, 2017).

In the U.S., ozone precursor emissions have declined. However, springtime ozone
mixing ratios have been increasing in the western U.S. since the 1990s likely due to increasing
Asian emissions (Cooper et al., 2009) and long-range transport to the eastern Pacific. Ozone
precursor emissions from Asia have tripled in the past 25 years due to a rapid economic growth
(Granier et al., 2011; Hilboll et al., 2013). It is estimated that transport of ozone and its
precursors from China to the western U.S. has offset about 43% of the reduction in free
tropospheric ozone that was expected from the emissions reductions associated with federal,
state, and local air quality policies in the U.S. between 2005 and 2010 (Verstsaeten et al., 2015).
Global chemistry-climate model (GFDL-AM3) hindcasts over 1980-2014 show that springtime
ozone at rural sites in the western U.S. has increased at a rate of 0.2-0.5 ppbv/year (Lin et al.,
2017). Asian NOx emissions contributed as much as 65% to modeled springtime background
increases, larger than the ozone decreases expected from a 50% decrease in US NOx emissions
(Lin et al., 2017). High-ozone events can therefore significantly affect the ability of a site to
achieve air quality objectives. However, the EPA has a method for excluding these high-ozone

events from consideration, and this is described below.



1.2 EPA’S EXCEPTIONAL EVENT RULE

Under the U.S. Clean Air Act (CAA), states and cities are required to meet the U.S.
National Ambient Air Quality Standard (NAAQS) for ozone and other pollutants. Currently, the
standard for ozone requires that the fourth highest annual MDAS ozone, averaged over 3 years,
be below 70 ppbv. However, when “unusual or natural events that affect air quality but are not
reasonably controlled” takes place, the U.S. EPA has a mechanism for excluding these
exceptional events from consideration. If the air quality in a geographic area meets the NAAQS,
it is called an attainment area; if it does not meet the national standard, it is called a
nonattainment area. To demonstrate these “exceptional events”, states and cities must show

three things (https://www.epa.gov/air-quality-analysis/treatment-air-quality-data-influenced-

exceptional-events):

1. That the event affected air quality in such a way that there exists a clear causal
relationship between the specific event and the monitored exceedance or violation;

2. That the event was not reasonably controlled or preventable; and

3. That the event was caused by human activity that is unlikely to recur at a particular

location or was a natural event.

Nonattainment areas are required to draft a plan known as a state implementation plan
(SIP) in order to improve air quality. Once a nonattainment area meets the standards, it will then

be classified as a “maintenance area.”



1.3 PHOTOCHEMISTRY IN BIOMASS BURNING PLUMES

Wildfires are an important source of CO, NOx and VOCs and therefore have the potential
for significant ozone formation during the fire season (Val Martin et al., 2006). Because ozone
is not directly emitted by wildfires but is instead produced from precursors, understanding the
chemistry of these species is important. NOXx is typically the limiting precursor in ozone
production from wildfires (Mauzerall et al., 1998; Singh et al., 2012). This is because there are
large sources of VOCs in wildfires. NOx concentrations in fire plumes are affected by fuel
nitrogen content, fire combustion efficiency, and photochemical production and loss of species
such as peroxyacetyl nitrate (PAN) (Alvarado et al., 2010; Wigder et al., 2013). Total reactive
nitrogen is represented by NOy (NO + NO;, + HNO; + PAN + HONO + NO; + N,Os + aerosol
nitrate +...). Model simulations show that VOCs, especially oxygenated VOCs (OVOCs), lead
to complex effects on net ozone production (Mason et al., 2001). While it has been previously
shown (Sillman, 1999) that ozone production is independent of VOCs in the NOx-sensitive (low-
NOx) regime for urban plumes, Mason et al. (2001) concluded from their modeling studies that
this may not be true for wildfire plumes. Most of the NOx emissions in the atmosphere come in
the form of NO, and the photolysis of NO, regenerates Os. Thus, for net O3 formation to occur,
NO must be converted to NO, by reactions with HO, and RO,. In the VOC-sensitive (high-
NOx) regime, O3 production decreases with increasing NOx but increases with increasing VOC.
In the NOx-sensitive (low-NOx) regime, O; formation increases with increasing NOx. While
previous studies have shown that O; production in this regime is largely independent of VOC,
Mason et al. (2001) showed in their modeling study that it can sometimes be VOC-dependent,

depending on the initial NOx concentrations.



Pfister et al. (2006) used observations and model simulations to estimate the amount of
O; produced by Alaskan and Canadian wildfires in the summer of 2004. The enhancement of O;
with respect to CO for BB plumes was found to be 3—4 times smaller than for anthropogenic
pollution due to the lower initial NOx/CO ratios for these sources. Other studies have found that
ozone formation ranges from very low in fresh plumes to low in moderately aged plumes to high
in well-aged plumes (Val Martin et al., 2006). In their review of 132 published studies, Jaffe and
Wigder (2012) showed that the observed enhancement of ozone relative to CO for boreal and
temperate fires was, on average, 0.018, 0.15 and 0.22 ppbv/ppbv for plumes aged 1-2 days, 2—5
days and more than 5 days, respectively, but there was large variability from fire to fire. Factors
affecting the variability of ozone production included fire emissions (type of species emitted),
combustion efficiency, chemical and photochemical reactions, aerosol effects on chemistry, solar

radiation and meteorological patterns (Jaffe and Wigder, 2012).

An important reservoir of NOx in the atmosphere is PAN, which can be transported over
long distances and can thermally decompose back to NOx as the plume descends to warmer
temperatures (Jacob, 1999; Kotchenruther et al., 2001). The first observational evidence of rapid
PAN formation in boreal smoke plumes showed that 40% of initial NOx emissions were
converted to PAN in the first few hours after plume emission (Alvarado et al., 2010). Later, this
NOx would be released from the thermal decomposition of PAN and could be involved again in
O; production. Because of large production of PAN from wildfires (Wigder et al., 2014), a large

fraction of the initial NOx is sequestered as PAN.

Numerous studies have evaluated the effects of aerosols on photolysis rates and O
formation. These effects are dependent on different factors. First is the type of aerosol. Model

simulations by Dickerson et al. (1997) show that scattering particles in the boundary layer (BL)



can increase photolysis rates and can therefore accelerate ozone production. However, UV-
absorbing aerosols such as mineral dust and soot have also been found to reduce ozone mixing
ratios by up to 24 ppbv (Dickerson et al., 1997). Simulations in Mexico City by Castro et al.
(2001) suggest a large reduction in NO; photolysis rates (10-30%) and surface ozone mixing
ratios (30-40 ppbv) due to urban aerosols. Using a three-dimensional regional chemical transport
model, Tang et al. (2003) found that the accumulated impact of biomass burning aerosols from
Southeast Asia, which contain large amounts of carbonaceous material, is to reduce surface
ozone mixing ratios by about 6 ppbv. Another important factor is the vertical location of the
aerosols with respect to the point of observation. Model simulations near Mexico City during the
MILAGRO campaign suggest that aerosols enhance actinic flux, and therefore photolysis rates,
above the BL and reduce actinic flux near the surface (Palancar et al., 2013). Alvarado et al.
(2015) looked at model simulations over the Williams fire in California and found that j(NO) is
lowest in the bottom of the plume, reduced in the middle of the plume, and enhanced above the
plume. In a modeling study that looked at wildfires in the western U.S., Jiang et al. (2012) found
that reductions in downward shortwave radiation reaching the surface due to fire aerosols cause
decreases in j(NOy) in the fire source region by as much as 75% and therefore reductions in

ozone mixing ratios by as much as 15%.

Most of these studies rely on model simulations of photochemistry. Very few were based
on in-situ measurements aimed at exploring the photochemical environment in BB plumes. This
dissertation aims to fill this knowledge gap. My goal is to understand the photochemistry in
biomass burning plumes by looking at field measurements of actinic flux, aerosols, and NOx at
MBO, a mountaintop research station located on the summit of a dormant volcano in central

Oregon (Jaffe et al., 2005).



1.4 THE MOUNT BACHELOR OBSERVATORY

The Mount Bachelor Observatory (MBO) is a mountaintop site (2.8 km a.s.l.) established
in 2004 by the University of Washington Atmospheric Chemistry group to examine baseline air
as it arrives in the West Coast of the U.S. (Jaffe et al., 2005). The Observatory is located on the
summit of Mt. Bachelor, an extinct volcano in the Cascade mountain range of central Oregon.
Mt. Bachelor is located in the Deschutes National Forest and is home to a ski resort, which

provides access and power.

Data at MBO has been used for multi-year studies of ozone (Gratz et al., 2015), CO
(Gratz et al., 2015), CO, (McClure et al., 2016), NOx (Reidmiller et al., 2010), and PAN
(Fischer et al., 2011b). Recently, data at MBO has also been used to explore the presence of
bacteria in the troposphere (Klein et al., 2016). During Spring 2011, long-range transport of
bacteria have been observed at MBO in trans-Pacific plumes (Smith et al., 2011; Smith et al.,
2012; Smith et al., 2013). Backtrajectories suggest that these microorganisms come from China

or Japan.

Over the 10-year period from 2004-2013, the median and 95th percentile springtime
(April-May) ozone at MBO increased by 0.76 + 0.61 ppbv yr ' and 0.87 + 0.73 ppbv yr ',
respectively (Gratz et al., 2015). These trends are somewhat larger, but within the uncertainty
bounds, of the positive trends in springtime FT Os in the western U.S. reported by Cooper et al.
(2012). The rise in springtime ozone is likely associated with increasing ozone precursor

emissions in Asia and long-range transport to the western U.S.

We typically perform field campaigns at MBO during spring and summer. UT/LS and
ALRT events typically happen during winter and spring when transport is most favorable. BB

events in the western U.S., on the other hand, mostly occur during summer and early autumn.
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The first ALRT events at MBO were observed during Spring 2004. These events were
characterized by low water vapor and significantly elevated concentrations of CO, total gaseous
mercury (TGM) and ozone (Weiss-Penzias et al., 2006). ALRT has been shown to affect
mercury (Weiss-Penzias et al., 2007; Jaffe and Strode, 2008; Strode et al., 2008) and PAN

(Wolfe et al., 2007) concentrations at MBO.

A couple of studies have demonstrated springtime trends in NOy species, such as
peroxyacetyl nitrate (PAN). During Spring 2006, PAN, an important NOx reservoir, was
measured at MBO. On average, PAN levels were substantially higher in the free troposphere
(FT) air relative to the boundary layer (BL) air, suggesting that MBO is strongly affected by
distant pollution sources under the right meteorological conditions (i.e., when transport occurs
via the FT). Zhang et al. (2009) used the GEOS-Chem chemical transport model to quantify the
contribution of Asian pollution at MBO during Spring 2008. The mean observed concentration
at MBO is 54+10 ppbv compared with 53+9 ppbv in the model. The contribution of ozone
produced over Asian in the model is 13+3.6 ppbv at MBO. Fischer et al. (2010a) argued that
variability in PAN during Spring 2008 was predominantly a function of synoptic-scale processes.
Two Asian plumes were observed and both were associated with elevated PAN, CO, ozone, and

aerosol scattering.

Similarly, Redimiller et al. (2010) looked at NOx measurements at MBO during one
autumn and three springtime (2007-2009) periods. Springtime mean values for NOx were 119,
117, and 91 pptv, for 2007, 2008, and 2009. Decline in NOx is attributed to higher geopotential
heights over the Gulf of Alaska, warmer temperatures over the Aleutian Islands/Gulf of Alaska,
and much weaker winds throughout the N Pacific in 2009. During autumn 2008, NOx

concentrations were 175+548 pptv. The highly non-normal distribution of autumn data resulted
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from periods of very high NOx levels from wildfires in the western U.S. This is in contrast to
springtime when the smaller positive (right) tail of the NOx distribution is driven largely by

ALRT.

Fischer et al. (2010b) identified 7 plumes of Asian origin and observed variability in the
scattering Angstrom exponent. The average Angstrom exponent was significantly larger than the
same parameter observed closer to Asia. Therefore, they hypothesized that the aerosol size
distribution shifts toward smaller particles during trans-Pacific transport. Also, the average
single scattering albedo (SSA) observed in Asian plumes at MBO (0.88) was slightly larger than
the mean observations closer to the Asian coast. Moreover, intensive aerosol properties varied
from plume to plume, which indicates that even after transport, the aerosols are not necessarily

well-mixed and the plumes can be layered.

A couple of studies at MBO have extensively looked at the aerosol properties of wildfire
plumes observed at MBO. For example, a high-resolution time-of-flight aerosol mass
spectrometer (HR-AMS) was deployed at MBO in summer 2013 to characterize the impact of
wildfire emissions on aerosol loading in the PNW, as part of the Biomass Burning Observation
Project (BBOP) (Zhou et al., 2017). Their results show that during fire-impacted periods, the
average PM; was 22.4x17.7 ug/m’, mostly due to organic aerosols that dominated the PM
composition. During clean periods, the average PM; was only 3.7ug/m’ and the aerosols
contained a high mass fraction of ammonium sulfate. Findings suggest that BB emissions
undergo substantial chemical processing which starts immediately after emission and continues

during atmospheric transport.

In a recent paper, Laing et al. (2016) looked at 19 wildfire events observed at MBO

during summer of 2015. Six of the 19 events were influenced by Siberian fires that were
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transported to MBO over 4-10 days. The remainder of the events were from wildfires in
Northern California and Southwestern Oregon, with transport times ranging from 3 to 35 hours.
Siberian events had significantly higher Ac.,s/ACO enhancement ratio, higher mass absorption
efficiency (Aoans/APM)), lower single scattering albedo (w), and lower absorption Angstrom
exponent (AAE) when compared to the regional events. It was suggested that MBO sampled the
portion of the plume that has been lofted to higher elevation via pyroconvection, thereby
preferentially sampling more flaming combustion emissions. In general, flaming conditions
produce more BC which explain the enhanced absorption in the Siberian events. Similarly,
Collier et al. (2016) studied the regional and near-field influences of wildfire emissions on
ambient aerosol concentrations and chemical properties using MBO as fixed site and an aircraft.
Regional characteristics of BB aerosols were strongly correlated with modified combustion
efficiency (MCE). They suggest that MCE can be a useful metric for describing aerosol

properties of wildfire emissions.

Organic carbon (OC) and elemental carbon (EC) from particulate matter were measured
at MBO by Timonen et al. (2014) from March to September 2012. Average concentrations of
OC and EC in the FT were low (OC 1.87 ug/m’; EC 0.07 ug/m”), but much higher during
pollution episodes. The highest OC and EC concentrations were measured during BB episodes
(3h average OC up to 146 ug/m’; EC up to 5.5 ug/m’). Elevated concentrations were also

measured during ALRT events (OC up to 3.6 ug/m® EC up to 1.1 ug/m’).

Wigder et al. (2013b) looked at 32 wildfires observed at MBO during June-September
2004-2011. Observed enhancement ratio of APM;/ACO ranged from 0.06 to 0.42 ug/m’/ppbv;
AO3/ACO ranged from 0.01 to 0.51 ppbv/ppbv for the 13 plumes with a significant AO3/ACO

enhancement ratio (R> >= 0.30). A specific fire event was associated with significant ozone
p g
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production. This event was transported in a FT air mass, suggesting that conversion of NOx to
PAN may be a factor affecting Oz production. Two of these wildfire plumes were mixed with
urban emissions from the Seattle/Tacoma metropolitan area, and had relatively higher AO3/ACO

compared to other wildfire plumes transported similar distances.

NOy speciation has also been investigated at MBO. Briggs et al. (2016) looked at 23
wildfire plumes observed during the summer of 2012 and 2013 at MBO. The observed NOx,
PAN, and aerosol nitrate represented 6-48%, 25-57%, and 20-69% of the observed NOy in the
aged plumes, respectively, and other species represented on average 11% of the observed NOy.
The high proportion of PAN in the observed plumes suggests that there may have been added

ozone production in the plumes as they were transported further downwind.

Baylon et al. (2015) looked at 19 wildfire events that were observed in the summers of
2012 and 2013 at MBO. We observed a negative correlation between AO3/ACO and
ANOx/ANOy (r =-0.72). This showed that the degree of NOx oxidation is a key predictor of
ozone production. The highest ANOx/ANOy (0.57 pptv/pptv) was associated with ozone loss
(ozone titration). Low ANOx/ANOy values (ranging from 0.049 to 0.15 pptv/pptv) are generally
associated with ozone enhancement. We also found that even if AO3/ACO is low, AO3 may still
be significant if CO enhancements are large. We then explored events that are not associated
with any O3 enhancement/loss. Out of 19 fire events, 3 belong to this category. We discovered
that these events are either BL-influenced (O3 deposition), associated with low ANOy/ACO
ratios, and/or associated with minimal photochemistry (due to nighttime transport). Absolute
ozone enhancements ranged from 3.8 to 32 ppbv, while ozone production efficiencies (OPEs)
ranged from 2.1 to 17. However, because PAN comprises most of the reactive nitrogen in fire

plumes, the calculated OPEs underestimated the true ozone mixing ratios. OPEs may therefore
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be misleading indicators of ozone production in wildfires. Finally, we segregated the data into
plume/non-plume time periods. From this we found that the average O; mixing ratio was
significantly higher in fire plumes compared to non-plume time periods, and the noontime
NO/NO; ratios were also higher. This later result gives insight into the photochemical

environment in the fire plumes, which until now remains poorly understood.

Ambrose et al. (2011) identified 25 high-ozone events (8h averaged ozone mixing ratio
was > 70 ppbv) at MBO. These events were transported to MBO in the FT and were driven
mostly by subsidence of ozone-rich air masses from the UT/LS, ALRT, and mixed ALRT +
UT/LS influences. UT/LS events were depleted in CO compared to monthly median values.
Levels of O3 and CO tended to be anti-correlated during UT/LS events, consistent with transport
from clean regions in the UT. Conversely, ALRT events were characterized by enhancements in
CO. Unlike for UT/LS events, levels of ozone and CO during ALRT events tended to be
correlated, consistent with photochemical ozone production in polluted air masses transported
across the Pacific. Mixed ALRT + UT/LS exhibited characteristics that were intermediate

between those of the ALRT and UT/LS events.

1.5 RESEARCH QUESTIONS

In the western U.S., free tropospheric springtime ozone has been increasing since the
1990s, likely due to increasing precursor emissions in Asia and long-range transport to the
western U.S. Biomass burning, both regional and long-range transport in origin, has also been
shown to impact air quality in the region. In the context of increasing baseline ozone and tighter
air quality standards, it is therefore important to understand the nature and the impact of these

high-ozone episodes on air quality in the western U.S. These events would affect the attainment
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status of a site if they were not identified as exceptional events. This dissertation is focused on

three types of high-ozone events that we typically observe at MBO and in other surface sites in

the western U.S.: (1) UT/LS events, (2) BB plumes, and (3) LRT episodes. While most analysis

revolves around observations at MBO, I will use data from a variety of platforms — surface

measurements, aircraft data, radiosonde observations, satellite retrievals, and model simulations

— to understand the chemistry and transport mechanisms of these high-ozone events. Specifically,

I am to answer the following research questions.

For the UT/LS episode discussed in Chapter 2:

How variable is springtime O3 at MBO?

Did the high FT O3 in Spring 2012 seen at MBO result in enhancements at the
surface in the western U.S.?

How did these high-Os periods influence the distribution of MDAS values and
contribute to air quality exceedances at surface sites?

What is the spatial and temporal relationship between MDAS values measured at
nearby stations across the western U.S.?

What was the cause for high springtime O3 in 20127

For the BB events discussed in Chapter 3:

Can we identify variations in j and NO/NO; ratios due solely to BB smoke?

What is the level of agreement between observations and TUV model for clear-

sky conditions for j(NO,) and j(OlD)?

What are the instantaneous O3 production rates and HO, + RO, concentrations in

P/NP?
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For the Siberian LRT event discussed in Chapter 4:
*  Were the aircraft and MBO observations consistent with respect to the
enhancement ratios?
*  What caused the high AO3/ACO and Ac,,/ACO ratios for the Siberian 2015 fires?
* How does the reactive nitrogen speciation of the plume relate to O3 production
and ANOy/ACO?
*  Was there O3 production and if so, was this O3 mixed into the boundary layer?

What was the role of UT/LS mixing?

1.6 DISSERTATION OVERVIEW

Chapter 2 describes a UT/LS episode that affected air quality in the western U.S. on
Spring 2015. T observed an O3 increase of 2.0—-8.5 ppbv in monthly average maximum daily 8—
hour average Oz mixing ratio (MDAS O3) at MBO and numerous other sites in the western U.S.
compared to previous years. I also observed a good correlation between daily MDAS variations
at MBO and at downwind sites. At MBO, the elevated Oz concentrations in May 2012 are
associated with low CO values and low water vapor values, consistent with transport from the
upper troposphere/lower stratosphere (UT/LS). Furthermore, I run the Real-time Air Quality
Modeling System (RAQMS) analyses and find that a large flux of O; from the UT/LS in May

2012 contributed to the observed enhanced O3 across the western U.S.

Chapter 3 looks at BB events that we observed at MBO on Summer 2015, a huge fire
season in the Pacific Northwest. I explored the photochemical environment in BB plumes,
which remains poorly understood, and my results suggest that BB plumes increase local

noontime j(NO,) on average and decrease photolysis rates at high solar zenith angles. I compare
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my measurements with cloud-free simulations from the TUVS5.2 model. I also use the extended
Leighton relationship to estimate the HO, and RO, concentrations and the ozone production rates

in BB plumes.

Chapter 4 describes a Siberian LRT event that was observed at MBO during Spring 2015.
I observed O3 and CO enhancements of up to 40 ppbv and 80 ppbv, respectively, at MBO. 1
compare our mountaintop measurements with observations from one of the flights during the
Shale Oil and Natural Gas Nexus (SONGNEX) campaign. I calculate the AOs/ACO and
Acg,/ACO ratios of the Siberian 2015 fires, and compare them to similarly aged fires from
previous studies. Ground-based, satellite, and LiDAR data suggests that the Asian plume was
transported at high elevation and therefore did not cause any surface O3 enhancements in the

western U.S.
Chapter 5 provides conclusions of this dissertation and recommendations for future work.

Appendix A lists my co-authors and their contributions. Appendix B provides GOES-
WEST images of MBO on August 2015. Appendix C includes forward dispersion runs on April
2015 from the HYbrid Single Particle Lagrangian Integrated Trajectory (HY SPLIT) model.
Finally, Appendix D provides AOD forecasts from the Navy Aerosol Analysis and Prediction

System (NAAPS) Global Aerosol Model.
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CHAPTER 2

INTERANNUAL VARIABILITY IN BASELINE OZONE AND ITS RELATIONSHIP TO

SURFACE OZONE IN THE WESTERN U.S.

(published as Baylon et al., Environ. Sci. Tech., 2016)

2.1 INTRODUCTION

Ozone is an important tropospheric constituent for multiple reasons. First, it is the third
strongest anthropogenic greenhouse gas (Henderson et al., 2012). Second, it is the main source
of hydroxyl radicals that drive the oxidizing capacity of the atmosphere (Monks et al., 2009).
Third, surface ozone is a health hazard particularly to sensitive individuals and is associated with
premature mortality (Bell et al., 2006; Gryparis et al., 2004). Finally, ozone damages food crops,
forests and other ecosystems (Fiscus et al., 2005). In the U.S., the current ozone National
Ambient Air Quality Standard (NAAQS) requires that the fourth-highest annual maximum daily
average 8—hour (MDAS) ozone concentration be 70 ppbv or below, averaged over 3 years (U.S.
EPA, 2015). From a NAAQS attainment perspective, as the O3 standard is lowered springtime

becomes increasingly important in the western U.S. (Jaffe, 2011).

Ozone is a secondary pollutant that is formed in the troposphere from the interaction of
nitrogen oxides (NOx = NO + NO,) and volatile organic compounds (VOCs) in the presence of
sunlight (Finlayson-Pitts and Pitts, 1986). It is destroyed via reactions involving water vapor and
photolysis (Monks et al., 2009). Ozone also originates from the stratosphere and can be
transported to the surface (Langford et al., 2009). In the north-eastern Pacific, the direct

transport of ozone produced from Asian emissions, including secondary production from Asian
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peroxyacetyl nitrate (PAN) and NOx, accounts for at least 16% of tropospheric ozone during
spring (Jaeglé et al., 2003). Furthermore, enhanced O; due to Asian pollution is routinely seen in
the free troposphere (FT) at MBO as the air masses arrive to North America (Ambrose et al.,

2011; Jaffe et al., 2005).

In the U.S., domestic anthropogenic emissions of ozone precursors NOx, CO and VOCs
have declined from 1990 to 2010 by 49%, 58% and 44%, respectively (U.S. EPA, 2012). This
should have resulted in ozone reductions across the country. However in the western U.S., FT
springtime ozone has increased significantly from 1995 to 2011 at the rate of 0.41 = 0.27 ppbv/yr
(Cooper et al., 2012). This increase in O3 is likely due to increasing precursor emissions in Asia
and long-range transport to the western U.S. (Cooper et al., 2010; Cooper et al., 2012; Gratz et

al., 2015).

The Mount Bachelor Observatory (MBO) was started in 2004 to examine baseline air as
it arrives in the West Coast of the U.S. (Jaffe et al., 2005). It is a high-elevation site (2.8 km
a.s.l) located in central Oregon. At MBO, the median and 95th percentile springtime (April-
May) O; have increased by 0.76 ppbv/yr and 0.87 ppbv/yr, respectively, from 2004-2013 (Gratz
et al., 2015). These trends are somewhat larger, but within the uncertainty bounds, of the

positive trends in springtime FT Os in the western U.S. reported by Cooper et al. (2012).

The U.S. Environmental Protection Agency (EPA) defines U.S. background ozone as
concentrations that would be observed in the U.S. in the absence of anthropogenic emissions
from the continental U.S. (U.S. EPA, 2006). This therefore requires the use of atmospheric
models (McDonald-Buller et al., 2011). Baseline ozone refers to observed concentrations of
tropospheric ozone at sites that have a negligible influence from local emissions (Dentener et al.,

2011; Parrish et al., 2012).
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In the context of increasing baseline O3z and tighter air quality standards, it is important to
understand the sources and the role that baseline O3 plays on urban air quality in the western
U.S. For example, enhanced O3 from 25 events (defined as days with MDAS Oz > 70 ppbv)
observed from 2004-2009 were transported to MBO in the FT and were driven mostly by
subsidence of Os-rich air mass from the upper troposphere/lower stratosphere (UT/LS), Asian
long-range transport (ALRT) and mixed UT/LS + ALRT (Ambrose et al., 2011). During UT/LS
events, levels of O3 and CO were anti-correlated. On the other hand, during ALRT events, O3
and CO tend to be correlated (Ambrose et al., 2011). Wildfires can also cause high-O; events at
MBO (Baylon et al., 2015; Wigder et al., 2013a). They are an important source of CO, NOx and
VOCs and therefore have the potential for significant ozone formation during spring and summer

(Val Martin et al., 2006).

Under specific meteorological conditions, FT O; can influence surface observations (Fine
et al., 2015; Jaffe et al., 2005; Jaffe, 2011; Langford et al., 2015a; Lefohn et al., 2001; Wigder et
al., 2013b). For example, a deep tropopause fold brought ~215 ppbv of O3 to the Rocky
Mountains on 6 May 1999, and this led to O3 mixing ratios exceeding 100 ppbv at a downwind
surface site in Boulder (Langford et al., 2009). Higher O3 values at several rural sites across
southern Canada, the northern U.S. and northern Europe are also linked to UT/LS air masses that
are transported down to the surface (Lefohn et al., 2001). On 3 exceedance days in Clark
County, Nevada, stratosphere-to-troposphere transport contributed to 8—hour surface O;
concentrations in excess of 30 ppbv (Fine et al., 2015; Langford et al., 2015a). Oj; passing
through high-elevation sites like MBO can be transported to downwind urban surface sites
(Wigder et al., 2013b). Modeling studies also show that stratospheric intrusions can episodically

increase surface O3 observations in the western U.S. by 20—40 ppbv (Lin et al., 2012).
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Temporal correlations in O3 across large spatial scales are indicative of a non-local O3
source (Jaffe et al., 2008; Jaffe, 2011). An analysis of ozonesonde data from 13 midlatitude
stations in North America and Europe found that the temporal correlations between pairs of
stations decrease with increasing station separation distance (Liu et al., 2009). While the ozone
correlation length (defined as the horizontal distance for the correlation coefficient to decrease
by a factor of e) is longer in the stratosphere (1000-2000 km), in the troposphere the correlation
length can still be substantial (500—1000 km) (Liu et al., 2009). These results suggest that the
baseline contribution to surface Oj is significant and therefore leads to significant temporal and

spatial correlations at surface sites.

O; data have been collected continuously at MBO since 2004. We previously reported
on a long-term trend in springtime Os (Gratz et al., 2015). Here we focus on the interannual
variability (IAV) in spring and especially Spring 2012, which has some of the highest

concentrations seen over the past decade. Specifically, we address the following questions:

* How variable is springtime O3 at MBO?

* Did the high FT O3 in Spring 2012 seen at MBO result in enhancements at the
surface in the western U.S.?

* How did these high-Os periods influence the distribution of MDAS values and
contribute to air quality exceedances at surface sites?

* What is the spatial and temporal relationship between MDAS values measured at
nearby stations across the western U.S.?

*  What was the cause for high springtime O3 in 20127

We focus on MDAS O3 values as this is the policy-relevant metric.
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2.2 MATERIALS AND METHODS

Mount Bachelor Observatory (MBO; 2.8 km a.s.l.) is a mountaintop site established in
2004 by the University of Washington Atmospheric Chemistry group (Jaffe et al., 2005). The
Observatory is located on the summit of Mt. Bachelor, an extinct volcano in the Cascade
mountain range of central Oregon. Mt. Bachelor is located in the Deschutes National Forest and
is home to a ski resort, which provides access and power. Since 2004, we have measured oy,
(TSI Model 3563), O3 (Dasibi 1008 RS UV Photometric Ozone Analyzer) and CO (May 2012
onwards: Picarro G2302 Cavity Ring-Down Spectrometer), along with measurements of
meteorology, such as temperature, humidity and wind speed [see Ambrose et al. (2011) and
Gratz et al. (2015) and references therein for details on oy,, O3 and CO instrumentation]. O3
measurements have a daily span check and have been manually calibrated every six months with
an Oj; transfer standard photometer [see Gratz et al. (2015) for more details on O;

instrumentation and calibration].

Observations of Os in Salt Lake City, UT (SLC; AQS ID: 49-035-3006); Great Basin NP,
NV (GRB; 32-033-0101); Reno, NV (32-031-0016); Tehama, CA (06-103-0004); Boise, ID (16-
001-0010, 16-001-0017); Portland, OR (41-005-0004); Siskiyou, CA (06-093-2001); and Lassen,

CA (06-089-3003) were obtained from the U.S. EPA AirData archive (www.epa.gov/airdata).

Ozone measurements from South Fork State Recreation Area, NV (SFSR), and Berlin-
Ichthyosaur State Park, NV (BISP), were obtained from the Nevada Rural Ozone network
(Gustin et al., 2015). Upper air soundings of water vapor in Salem, OR, were acquired from the
University of Wyoming, Department of Atmospheric Sciences

(http://weather.uwyo.edu/upperair/sounding). Figure 2.1 shows a map of the western U.S. and

locations of all sites used in this analysis.
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Figure 2.1. Map of selected Os stations (black squares) in the western U.S. Water vapor
soundings from Salem (red star) are also analyzed in this study. BISP: Berlin Ichthyosaur State
Park; GRB: Great Basin NP; MBO: Mt. Bachelor Observatory; SLC: Salt Lake City; SFSR:
South Fork State Recreation Area.

We used the Real-time Air Quality Modeling System (RAQMS) to look at the modeled
vertical profile of O3 at MBO in May 2012 and to derive maps of tropospheric column ozone
(TCOs3) and total precipitable water (TPW). RAQMS is a unified (stratosphere/troposphere),
multi-scale (global to regional) online (meteorological, chemical, and aerosol) modeling system
which has been developed for assimilating satellite-based observations of atmospheric chemical

composition and providing real-time predictions of trace gas and aerosol distributions (Pierce et
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al., 2003; Pierce et al., 2007; Pierce et al., 2009). It is a 1x1 degree global online chemistry and
aerosol assimilation and forecast system extending from the surface to ~60km with 35 hybrid
isentropic/eta vertical coordinates. The top 24 (stratospheric) levels are purely isentropic and
begin at 379K. The lower 21 eta levels transition from isentropic in the upper troposphere/lower
stratosphere to terrain following near the surface. RAQMS uses the statistical digital filter (SDF)
analysis system (Stobic et al., 1985; Stobic et al., 2000) to perform an optimal interpolation (OI)
based univariate assimilation of satellite ozone (OMI, MLS) and aerosol (MODIS) observations.
RAQMS has been used in previous studies of UT/LS transport (Fiore et al., 2014; Langford et

al., 2015b; Yates et al., 2013).

2.3  RESULTS AND DISCUSSION

2.3.1 Interannual variability (IAV) in baseline springtime O3

Figure 2.2 shows the monthly mean MDAS Oz at MBO, SLC, Boise, Reno and GRB for
May 2004-2014. Despite some site-to-site discrepancies, Figure 2.2 shows that the highest
MDAS values for all sites (except Boise) are recorded in 2012. The IAV (calculated as the
standard deviation divided by the mean) of the monthly measured MDAS O; values at MBO,

SLC, Boise, Reno and GRB is 7.2%, 6.2%, 11%, 7.2% and 6.8%, respectively.
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Figure 2.2. Monthly mean MDAS8 O3 at MBO, SLC, Boise, Reno and GRB for May 2004—
2014. Note the elevated MDAS8 O5 values in 2012.

Table 2.1 shows the absolute and relative enhancements for April and May 2012 MDAS
O; over all stations. While both April and May were enhanced, the enhancements in May 2012
were much larger. Monthly mean MDAS O3 enhancements in May range from 2.0 to 8.5 ppbv,
which represents an increase of 3.5 to 17% from the 2010, 2011, 2013 and 2014 average. Higher

altitudes generally observe higher enhancements.
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Table 2.1. April and May 2012 MDAS O; enhancements at selected western U.S. sites.
Enhancement is calculated with respect to the April and May 2010, 2011, 2013 and 2014 mean.

“ND” in columns 4 and 5 denote missing April data.

Station | Station | Elevation | Apr2012  Ratio of Apr | May 2012  Ratio of May
Type (km) MDAS O3 2012 MDAS O3 2012
enhancement enhancement | enhancement enhancement
(ppbv) to Apr 2010, (ppbv) to May 2010,
2011, 2013 2011, 2013
and 2014 and 2014
mean (%) mean (%)
SLC Urban 1.3 29 6.1 8.5 17
GRB Rural 2.1 2.5 4.6 7.6 13
MBO Rural 2.8 1.7 3.1 7.4 13
Reno Urban 1.3 1.0 2.0 5.8 11
Tehama Rural 0.6 ND ND 5.5 11
Boise Urban 0.8 29 -6.1 4.3 9.4
SFSR* Rural 1.6 39 8.5 3.7 7.3
Portland | Urban 0.2 ND ND 3.0 7.4
Siskiyou Rural 0.8 -0.1 0.0 2.8 6.1
Lassen Rural 1.8 0.2 0.0 2.6 52
BISP* Rural 2.1 4.7 9.7 2.0 35

*Data at these sites started in 2012; therefore, the enhancement is calculated relative to the April
and May 2013-2014 mean. Also note that for SFSR and BISP, there is limited available data on
April 2012 (5 days) and April 2014 (6 days), respectively; therefore, the calculated April 2012

MDAS8 O3 enhancements at these sites may not be representative of the actual value.
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Figure 2.3. MDAS8 O3 normalized histograms for May 2010, 2011, 2013 and 2014 (gray), and
May 2012 (red) at all sites. The May 2012 distribution at all sites is shifted to higher MDAS O3

values across the entire frequency distribution.
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Figure 2.3 (continued). MDAS O; normalized histograms for May 2010, 2011, 2013 and 2014
(gray), and May 2012 (red) at all sites. The May 2012 distribution at all sites is shifted to higher

MDAS O3 values across the entire frequency distribution.

Because some of the sites have long-term/decadal trends, we examine the variations in
the most recent 5-year period. To do this we segregated MDAS8 O; data from the last 5 years into
two groups: one for May 2010, 2011, 2013 and 2014; and another for 2012. Figure 2.3 shows
normalized histograms of these datasets for all sites. The May 2012 MDAS O; distribution for
all sites is shifted towards higher concentrations across the entire frequency distribution. For
example, at MBO, the 5t percentile, median and 95 percentile MDAS Oj; values are shifted by
6.0, 8.8 and 6.4 ppbv, respectively; while at SLC, they are shifted by 11.5, 9.0 and 6.5 ppbv,

respectively. See Table 2.2 for a complete profile on all sites.
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Table 2.2. 5" percentile, median and 95™ percentile MDAS8 Os values at all sites, grouped into:
(a) May 2010, 2011, 2013 and 2014; and (b) May 2012. May 2012 enhancements are calculated
with respect to the May 2010, 2011, 2013 and 2014 distribution.

Station 2012 MDAS O; 2010-11,2013-14 2012 AO; (ppbv)
(ppbv) MDAS O; (ppbv)
SLC 5 495 38.0 11.5
Median 59.0 50.0 9.0
95M 66.5 60.0 6.5
GRB 5M 56.0 47.0 9.0
Median 64.0 57.0 7.0
95™ 76.6 69.0 7.6
MBO 5 49.6 43.6 6.0
Median 63.0 54.2 3.8
th

95 76.7 70.3 6.4
Reno 5M 48.0 38.0 10
Median 58.0 52.0 6.0
95™ 66.0 63.9 2.1
Tehama 5 46.5 42.0 4.5
Median 57.0 51.0 6.0
95M 69.5 67.2 2.3
Boise 5M 38.5 38.1 0.4
Median 51.0 46.0 5.0
95™ 57.5 56.0 1.5
SFSR 5 435 43.0 0.5
Median 56.0 51.0 5.0
95M 59.5 57.0 2.5
Portland 5M 32.0 293 2.7
Median 42.0 39.0 3.0
95™ 58.0 54.0 4.0
Siskiyou 5t 38.0 33.0 5.0
Median 49.0 45.0 4.0
95 56.0 59.0 3.0
Lassen 5M 41.8 40.0 1.8
Median 54.5 50.0 4.5
95™ 64.0 62.1 1.9
BISP 5 49.0 48.1 0.9
Median 59.0 57.5 1.5
95M 68.5 66.0 2.5
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To explore the effect of AV in baseline O3 on regulatory exceedance levels, we looked at
the number of exceedance days (days with MDAS O3 above a specific threshold) from 2010 to
2014 for the current NAAQS threshold of 70 ppbv. The results (in Table 2.3) show that the shift
in the O3 distribution in May 2012 has an impact on the number of exceedance days. This is
particularly observed in GRB, MBO, and Lassen — all high-elevation, rural sites — and in SLC, a

high-elevation urban site.

Table 2.3. Number of spring (April-May) 2010-2014 exceedance days at all sites for the current
MDAS Oj3 threshold of 70 ppbv. “ND” denotes missing data.

Station | 2010 2011 2012 2013 2014
SLC 0 0 1 0 0
GRB 0 2 6 3 0
MBO 2 3 8 4 2
Reno 0 0 0 0 1
Tehama 0 0 1 1 1
Boise 0 0 0 0 0
SFSR ND ND 0 0 0
Portland 0 0 0 0 0
Siskiyou 0 0 1 0 0
Lassen 0 0 3 0 0
BISP ND ND 0 0 0

2.3.2 Relationship between O3 at MBO and at surface sites in the western U.S.

We then explored the relationship between daily variations in MDAS8 O3 at MBO and

surface stations in the western U.S. for Spring 2012. While some of these sites are occasionally
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directly downwind of MBO, others are not (Wigder et al., 2013b). But nonetheless, a

relationship between MBO and these sites can tell us about large-scale synoptic variations and

spatial relationships. Figure 2.4 shows a time series of 3-day average April-May MDAS8 O3 at

all sites. The variations in 3-day smoothed MDAS Os for April-May 2012 are similar at all sites.

The highest MDAS8 Os values are observed in the first half of May. Table 2.4 summarizes the

values for the 3-day smoothed MDAS8 O3 (correlations for May 2012 are in bold and italics). We

also see no evidence for a time lag in O3 relationships between any combinations of sites. This

supports the notion that all sites are being impacted simultaneously by large-scale processes

rather than by direct west-to-east transport.
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Figure 2.4. Time series of 3-day running averaged MDAS Os for April and May 2012 at all

sites.
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Table 2.4. /* values for 3—day average April-May 2012 MDAS O; correlations at all sites.

Values in bold and italics represent only May 2012 correlations.

SLC | GRB | MBO | Reno | Tehama | Boise | SFSR | Portland | Siskiyou | Lassen | BISP
SLC 1
0.46
GRB 0.01 1
0.29 | 0.11
MBO 0.44 | 0.0 1
039 | 026 | 0.25
Reno 0.0 | 0.08 | 0.01 1
0.12 | -0.37 | 0.18 | 0.36
Tehama 0.17 | -0.36 | 0.17 | 0.39 1
0.72 | 030 | 039 | 0.33 0.14
Boise 0.49 | 0.0 0.62 | 0.03 0.17 1
030 | 038 | 0.16 | 0.18 0.0 0.23
SFSR 0.11 | 0.23 | 0.09 | 0.02 0.0 0.06 1
0.60 | 0.0 037 | 0.03 0.21 0.59 | 0.17
Portland | 0.60 | 0.01 | 0.40 | 0.03 0.24 0.59 | 0.17 1
024 | 0.11 | 0.52 | 0.59 0.64 0.21 | 0.18 0.39
Siskiyou | 0.15 | -0.33 | 0.38 | 0.27 0.64 0.29 | 0.04 0.41 1
0.05 | 0.05 | 035 | 0.40 0.36 0.09 | 0.25 0.15 0.71
Lassen 0.05 | 002 | 021 | 0.54 0.39 0.27 | 0.05 0.14 0.42 1
046 | 053 | 0.22 | 0.70 0.01 031 | 0.62 0.11 0.40 0.25
BISP 0.05 | 016 | 0.02 | 0.33 0.01 0.04 | 0.55 0.11 0.02 0.16 1

The highest correlation with MBO is obtained with Boise. Boise is more often directly

downwind of MBO, and 62% of the variation in Boise MDAS8 on May 2012 can be explained by

variations in MBO MDAS (Wigder et al., 2013b). Forty-four percent of the variance in SLC

MDAS can be explained by variations in MBO MDAS. If we look at the April-May 2012

dataset, good correlations are also obtained between SLC and Boise (+* = 0.72), and SLC and

GRB (+* = 0.46).
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To examine the spatial scale of correlation in MDAS values across the western U.S., we
looked at all combinations of the daily MDAS values at the 11 ozone stations in Figure 2.1 for
Spring 2012. Figure 2.5 shows that the correlation coefficient decreases as a function of station
separation distance (» = -0.61). This means that the correlation coefficient is strongest for
stations that are closer together. The ozone correlation length is approximately 850 km, which is
consistent with the 500-1000 km values typical in the troposphere from ozonesonde data (Liu et
al., 2009). We did the same analysis but this time grouping our data into seasons (Figure 2.6),
and we find the same negative trend between the correlation coefficients and station separation
distance across all seasons. However, the correlation coefficients during Summer are the
weakest, likely due to the influence of local pollution events. The trends during the other three
seasons appear similar, with Winter having slightly better correlation coefficients between

stations.
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Figure 2.5. Spatial correlation coefficients of the April-May 2012 MDAS O3 values at the 11

O; stations in Figure 1, versus separation distance. A total of 55 pairs of stations were obtained.
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Figure 2.6. Spatial correlation coefficients of the 2012 MDAS Oj; values at the 11 stations in
Figure 2.1, versus separation distance, grouped according to season (Winter: JFM; Spring: AM;

Summer: JJA; Fall: SOND). Each point represents the average of the correlation coefficients for

every 100-km bin.

2.3.3 Causes for O; enhancement

Figure 2.7 shows a plot of daily MDAS8 O3 at MBO for May 2004-2014. High-O3 days
(yellow-red) are seen periodically throughout the data record, especially during the first half of
May 2012. Figure 2.7 illustrates a broad enhancement in MDAS8 O3 in May 2012 that is
consistent with Figure 4. Figure 2.8 shows a contour plot of MDAS O3 at MBO in May 2012 as

well as hourly CO and water vapor values measured during the time when maximum average 8-
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hr O; was observed. The elevated Os concentrations in May 2012 are associated with low CO
values and low water vapor values — consistent with transport from UT/LS — except for May 29.
Backtrajectories for the May 29 event suggest pollution transport from Asia, hence the elevated
CO levels. The relatively high water vapor values on this day suggest that the air mass came

from the BL before it arrived at MBO.

May 26
>
May 21 165 Q2
o
o
_Gov
May 16 | om
455
1 2
<
May 11 - ‘ 5°§
45
— -
May 1 | I I - -

1 1 1 1
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Figure 2.7. MDAS O; at MBO for May 2004-2014. Missing data are plotted as white regions.

36



May 1

May 6 |

May 11 |

May 16

May 21

May 26

May 31

o
.

[=2]
(5]

D
o

1
[4))
(4)]

-

~ o [+
(4} o (5}

-~
o

MDAS8 O3 (ppbv)

o
o

May 1

May 6

May 11

May 16

May 21

May 26

May 31

190

180

170

1160

CO (ppbv)

—
S
o

130

120

110

May 1

May 6

May 11

May 16

May 21 -

May 26 |

May 31

6.5

w

1.5

Figure 2.8. MDAS O; at MBO for May 2012. Also plotted are the hourly CO and water vapor

values measured when the maximum daily 8-hr average O; was observed.

Figure 2.9 shows the vertical profiles of water vapor in the lower FT over Salem, OR.

Measurements for the May 2010, 2011, 2013 and 2014 average are plotted against the sounding

data from May 2012. Based on a paired T-test, the two-tailed p-value is less than 0.0001 which

means that the difference between the two datasets is statistically significant. At MBO,

relatively low water vapor (mean + 1o: 3.5 + 1.3 g/kg) and CO (128 + 15 ppbv) measurements

were also observed in May 2012 (see Figures 2.10 and 2.11 for plots of hourly CO and water

vapor, respectively, for May 2004—2014; see Figure 2.12 for diurnal plots of Os, water vapor and
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CO for May 2012). These data all suggest enhanced subsidence and an enhanced influence from

UT/LS air during May 2012.
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Figure 2.9. Radiosonde profiles of water vapor from Salem, OR. Measurements in May 2010,
2011, 2013 and 2014 are averaged (dashed red line) and are plotted against the average from
May 2012 (solid black line). Note the unusually low water vapor values in 2012 across the lower

FT.
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Figure 2.10. Hourly CO at MBO for May 2004-2014. Missing data are plotted as dark blue

regions.
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Figure 2.11. Hourly water vapor at MBO for May 2004-2014.
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Figure 2.12. Hourly O3, water vapor and CO at MBO for May 2012.
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Figure 2.13. (a) Comparison between RAQMS-derived (red) and measured (black) O; at MBO
(2.8 km a.s.l.); and (b) vertical profile of RAQMS-analyzed O; above MBO on May 2012. The
horizontal line on (b) shows the MBO height at which RAQMS O3 was interpolated to.
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To further verify this, we look at the RAQMS-modeled vertical profile of O; at MBO.
We first interpolate RAQMS tropospheric column ozone (TCO3) to MBO altitude and observe
that RAQMS-analyzed ozone mixing ratio correlates well with MBO measurements (= 0.75,
bias = -1.3 ppbv). Figure 2.13a shows that RAQMS O; captures the hourly Os trend at MBO
fairly well. RAQMS likely underestimates surface ozone concentrations at high-altitude sites
that are influenced by LRT because it doesn’t resolve the true height of the surface
measurements. Figure 2.13b shows the O3 predictions from RAQMS from MBO height up to 20
km. We see periods of subsiding, high-Oj; air and these periods are associated with high O;
measurements at MBO. An exception is May 29, where we see high O3 at MBO but no evidence
for significant transport from the UT/LS. This high-Os event is characterized by high CO
(maximum hourly CO peak: 188 ppbv) and air mass backward trajectories that suggest an

influence of ALRT.

We then look at TCO; and total precipitable water (TPW) maps over the western U.S.
Figure 2.14 shows RAQMS TCOs;, TPW and sea level pressure for May 2012, 2013 and 2014.
There is a significant enhancement in TCOs extending from SE Asia into the central Pacific
during May 2012. This TCO; enhancement is associated with a stronger Aleutian Low over the

Gulf of Alaska during May 2012 and is upwind from MBO.

Figure 2.15 shows a scatter plot of RAQMS TCO;3 vs TPW upwind from MBO (for the
boxes shown in Figure 14: 180W-110W, 35N-50N) for May 2012, 2013 and 2014. 2012 has the
highest TCOj; (black points). The TCOs histograms show that 2014 had the lowest median,
while 2012 and 2013 had similar medians but 2012 shows a tail extending to higher values. The
TPW histograms show that 2012 had the lowest median TPW values. These observed and

modeled factors—low water vapor, low CO, high O3 in the FT—all support our conclusion that
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enhanced stratosphere/troposphere exchange (STE) in 2012 contributed to the observed elevated

surface O3 across the western U.S.
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Figure 2.14. Maps of RAQMS tropospheric column ozone (TCO3, DU) and total precipitable
water (TPW, mm) for May 2012, 2013 and 2014. Mean sea level pressure (mb) is contoured in

white. Location of MBO is shown as a red star.
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Figure 2.15. Scatter plots of RAQMS tropospheric column O3 (TCOs) vs total precipitable
water (TPW) for May 2012, 2013 and 2014 for the boxes indicated in Figure 14. Histograms are
also plotted.

Our results show that a large-scale high-Os period was observed in the western U.S. in

Spring 2012, and this shifted the O3 distribution to higher values across numerous sites. This
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caused monthly mean MDAS8 O3 enhancements for May 2012 of 2.0-8.5 ppbv at many sites
across the western U.S. compared to other years. While both April and May were enhanced,
May had much larger enhancements. The modest shift in the Os distributions has a strong effect
on the number of exceedance days. MBO, GRB, Lassen, and SLC — all high-elevation sites —

exceeded the 8-hr 70 ppbv threshold on 8, 6, 3, and 1 day, respectively, in Spring 2012.

24 IMPLICATIONS

Despite reductions in anthropogenic U.S. emissions of O3 precursors, FT springtime O
has been increasing in the western U.S. since the 1990s. On top of this increasing long-term
trend, high-O; events also drive interannual variations of springtime Os in the western U.S.
Because FT O3 can contribute to surface observations under specific meteorological conditions,

these high-O; events can potentially elevate surface O3 to unhealthy levels.

We have shown that enhanced UT/LS events in Spring 2012 shifted the MDAS O3
distribution to higher values, and as a result increased the number of exceedance days across
some sites in the western U.S. This suggests that under current standards, high-Os events such as
UT/LS episodes and ALRT events could affect the attainment status of a station if they were not
identified as exceptional events, which the EPA defines as an uncontrollable event that affected
air quality. Understanding the nature and the year-to-year variability of exceptional events is

therefore critical for an effective implementation of the US NAAQS.

Long-term measurements aimed at observing exceptional events would be valuable.
MBO is the only high-elevation site on the U.S. West Coast that routinely observes high-O;

events in the FT; however, it provides measurements at only a single point. High-frequency
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measurements of O3, water vapor and CO at a network of mountaintop sites would be valuable at
observing exceptional events. Vertical profiles of Oz and water vapor from LiDAR and
ozonesondes, and satellite retrievals would also be helpful. This network of mountaintop
observations, LIDAR and satellite observations of ozone could also provide key data on daily
and interannual variations in baseline Os;. Forecasting exceptional events would be possible
using high-resolution chemical transport models that have been evaluated and verified with free

troposphere observations.
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CHAPTER 3

IMPACT OF BIOMASS BURNING PLUMES ON PHOTOLYSIS RATES AND OZONE

FORMATION AT THE MT. BACHELOR OBSERVATORY

(adapted from Baylon et al., submitted to J. Geophys. Res.)

3.1 INTRODUCTION

Biomass burning (BB) plumes can emit huge amounts of aerosol particles and trace gases
to the atmosphere (Andreae, 1991; Crutzen and Andreae, 1990). BB aerosols are predominantly
organic carbon and black carbon, with some inorganic components (Reid et al., 2005; Vakkari et
al., 2014). Primary organic aerosols (POA) are emitted directly from the fires while secondary
organic aerosols (SOA) are formed from the oxidation of organic gases (Akagi et al., 2011). BB
plumes are rich in primary pollutants such as carbon monoxide (CO), volatile organic
compounds (VOCs), and nitrogen oxides (NOx) (Real et al., 2007; Hodnebrog et al., 2012;
Martins et al., 2012). Photochemical reactions of these pollutants can produce secondary
pollutants, such as O3, which can be transported over large distances (Val Martin et al., 2006;
Pfister et al., 2008; Mebust et al., 2014). In the troposphere, O; is in a delicate balance between
photolytic destruction and photochemical formation. Whether the troposphere is a net source or

sink of O3 depends on the balance between the two processes (Thompson, 1984).

The rate-limiting step in the photolytic destruction of O; is the reaction between O('D)

and H,O to form OH radicals, which are important oxidizing agents in the troposphere:
O3+ hv—->0(CD) + 0, (1)

0(*D) + H,0 - 20H 2)
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Reaction of OH with O3 produces HO, which in turn reacts with Os resulting in a catalytic

destruction cycle.

OH + 05 - HO, + 0, (3a)
HO, + 0; - OH + 20, (3b)
Net: 205 — 30, (3¢)

On the other hand, the rate-limiting step in the photochemical formation of Oj is the

reaction of NO with HO, or RO..

HO, OH

{R02}+N0—>N02+{R0} ()
NO, + hv - NO + 0 (5)
0+0,+M—0,+M (6)

The photolysis rate for O3 (Eq. 1) is termed j(O'D) while for NO, (Eq. 5) it is called j(NO,).
Tropospheric ozone photolysis is in the 290-340 nm range, while NO; photolysis is in the 290-

420 nm range.

Because BB plumes can produce large amounts of NOx and VOC:s, they have the
potential to produce O3 downwind (Jaffe and Wigder, 2012). For example, the Siberian wildfires
in 2003 caused enhancements of summertime ozone in the western U.S. from 9 to 17 ppbv (Jaffe
et al., 2004). On January 2014, intense wildfires in forests located 70 km southwest of Santiago,
Chile were transported by low-level winds and led to a striking decrease in visibility and a
marked increase in ozone well above 80 ppbv in the urban atmosphere (Rubio et al., 2015). The
September 2012 Pole Creek Fires, which originated 20 km north of Mount Bachelor Observatory

(MBO, 2.8 km above sea level), resulted in ozone enhancements of 17-32 ppbv at MBO (Baylon
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et al., 2015). Studies have found that ozone formation ranges can vary sharply from very low in
fresh plumes to low in moderately aged plumes to high in well-aged plumes (Val Martin et al.,
2006; Wigder et al., 2013). However, quantifying ozone production from wildfires is
complicated by variations and uncertainties such as fire emissions (type of species emitted),
combustion efficiency, meteorological patterns, chemical and photochemical reactions, aerosol
effects on chemistry, and solar radiation (Jaffe and Wigder, 2012). Aside from NOx and VOC:s,
sunlight is an important factor for ozone production. Baylon et al. (2015) looked at wildfire
plumes observed at MBO during the Summers of 2012 and 2013 and found that plumes that are
not associated with ozone formation were transported during the nighttime, when there is

minimal photochemistry.

Numerous studies have evaluated the effects of aerosols on photolysis rates and O;
formation. These effects are dependent on different factors. First is the type of aerosol. Model
simulations by Dickerson et al. (1997) show that scattering particles in the boundary layer (BL)
can increase photolysis rates and can therefore accelerate ozone production. However, UV-
absorbing aerosols such as mineral dust and soot have also been found to reduce ozone mixing
ratios by up to 24 ppbv (Dickerson et al., 1997). Similarly, aerosol particles containing black
carbon (BC) have been suggested to reduce surface ozone in Los Angeles by 5-8% (Jacobson et
al., 1998). Simulations in Mexico City by Castro et al. (2001) suggest an even larger reduction
in NO; photolysis rates (10-30%) and surface ozone mixing ratios (30-40 ppbv) due to urban
aerosols. A more recent field campaign study by Ying et al. (2011) looked at the impact of dust
aerosols in Mexico City on photolysis rates. They confirmed that dust aerosols lead to
significant reductions in photolysis rates and surface concentrations of OH and Os in the city.

Using a three-dimensional regional chemical transport model, Tang et al. (2003) found that the
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accumulated impact of biomass burning aerosols from Southeast Asia, which contain large
amounts of carbonaceous material, is to reduce surface ozone mixing ratios by about 6 ppbv.
Smaller reductions in j(NO;) have been simulated by Li et al. (2011) for urban aerosols in
Central Eastern China. They found reductions less than 10% during noontime; however, they
also note that aerosols can slightly enhance photolysis rates during noontime when UV scattering

dominates absorption by aerosols (Li et al., 2011).

The composition of BB aerosols is highly variable between plumes but is an important
factor for determining its impact on photolysis rates and ozone production. Collier et al. (2016)
studied the regional and near-field influences of wildfire emissions on ambient aerosol
concentrations and chemical properties at the MBO. Using two high-resolution time-of-flight
aerosol mass spectrometers (HR-AMS), they found that organic aerosols (OA) account for >94%
of the non-refractory submicrometer aerosol mass (NR-PM,) (Collier et al., 2016). The brown
carbon (BrC) component in OA absorbs mostly in the near-UV, as opposed to black carbon (BC)
which absorbs light throughout the UV-visible spectrum (Andreae and Gelencser, 2006). In one
study, the combined optical properties of BC and BrC have been shown to slow the net ozone
production rate by up to 18% (Mok et al., 2016). However, the composition of BB aerosols is

highly variable (Collier et al., 2016; Zhou et al., 2017).

Another important factor is the vertical location of the aerosols with respect to the point
of observation. Model simulations near Mexico City during the MILAGRO campaign suggest
that aerosols enhance actinic flux, and therefore photolysis rates, above the BL and reduce
actinic flux near the surface (Palancar et al., 2013). Alvarado et al. (2015) looked at model
simulations over the Williams fire in California and found that j(NO,) is lowest in the bottom of

the plume, reduced in the middle of the plume, and enhanced above the plume.
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Clouds can also affect the photolysis rates and ozone. They have been shown to reduce
actinic flux and therefore photolysis rates below them (Liao et al., 1999; Madronich, 1987).
Using a regional-scale photochemical model, Matthijsen et al. (1997) found that clouds lead to
ozone reductions in the BL in Europe by as much as 22%. But model simulations have shown
that in the upper parts of clouds, backscattering by cloud droplets can increase the actinic flux
and therefore the photolysis rates as well (Liao et al., 1999; Madronich, 1987; Voulgarakis et al.,
2009). Using a 3D chemical transport model over East Asia-West Pacific, Tang et al. (2003)
showed that photolysis rates decrease by 20% below clouds and are enhanced by 30% above
cloud layers during the observation period. In reality, however, clouds and aerosols together
impact photolysis rates. In a polluted urban environment in Houston, TX, model results show
that aerosols alone reduced j(NO;) by 3% on six clear days. The combined effect of clouds and
aerosols reduced j(NO,) by 17%, and subsequently ozone production was reduced by

approximately 8 ppbv/hr (Flynn et al., 2010).

Most of these studies rely on model simulations of photochemistry in BB plumes. Very
few were based on in-situ measurements aimed at exploring the photochemical environment in
BB plumes. This study aims to fill this knowledge gap. Our goal is to understand the
photochemistry in biomass burning plumes by looking at field measurements of actinic flux,
aerosols, and NOx at MBO, a mountaintop research station located on the summit of a dormant

volcano in central Oregon (Jaffe et al., 2005).

Data from MBO have previously been used to explore the impact of fires on ozone
formation (Wigder et al., 2013). In a recent study by Baylon et al. (2015), the average NO/NO,
ratio in fire plumes was higher than outside the fire plumes. Because VOCs are presumably

higher in fire plumes than in non-fire-influenced air, it was suggested that j(NO;) may be higher
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in fire plumes. This is possible if the decreases in photolysis rates due to absorption are

compensated for by scattering of aerosols.
This study aims to answer the following questions:

a. Can we identify variations in j(NO,), j(O'D), and NO/NO, ratios due solely to BB

smoke?

b. What is the level of agreement between observed and modeled j(NO,) and j(O'D)

for clear-sky conditions?

c. What are the calculated instantaneous O3 production rates and HO; + RO,

concentrations in P/NP?

To compute the HO, and RO, concentrations, we use the extended Leighton relationship:

(NO) _ j(NO,)
(NO2) — kolO3]+ky[HO]+kRIRO,]’

(7

where ko is the rate constant for the reaction of NO with Os;, and ky and ky are the rate constants

for Eq. 4. To calculate the rate of O3 production, P(O3), we use the equation:

P(03) = (ky[HO,] + kr[RO,])[NO] 8)

3.2 MATERIALS AND METHODS

The MBO (43.98°N, 121.69°W; 2.8 km a.s.l.) is a high-elevation mountaintop site in
central Oregon established in 2004 (Jaffe et al., 2005). Routine measurements of the scattering

coefficient (Oyp) (TSI Model 3563), O3 (Dasibi 1008 RS), and CO (May 2012 onwards: Picarro

52



G2302), along with measurements of basic meteorology, such as temperature, humidity and wind
speed, have been on-going at MBO since 2004. We typically add a suite of measurements
during intensive field campaigns. For example, during Summer 2012, we added NOx and NOy
(Baylon et al., 2015). During Summer 2013, we added PAN (Briggs et al., 2016). During
Summer 2015, we re-installed the NOx and PAN instruments, and added the Scanning Mobility
Particle Sizer (SMPS) (Laing et al., 2016), and a METCON GmbH diode array actinic flux

spectroradiometer (DAFS) to determine photolysis frequencies.

3.2.1 NOx

We measured NOx during the summer of 2015 using a chemiluminescence detector
manufactured by Air Quality Design (AQD), Inc. The instrument was used at MBO previously
(Baylon et al., 2015; Reidmiller et al., 2010). When NO is reacted with a high concentration of
O3, excited state NO; (i.e., NO,*) and O, are produced. The NO,* either decays to ground state
(by emitting a photon) or is deactivated via collisions. A photomultiplier tube (red-IR) detects
the photons and the signal is proportional to the initial NO concentration in the sampled air.

NO; is detected as NO after UV photolysis at wavelengths between 385 and 405 nm using a Blue
Light Converter (Air Quality Design Inc, Boulder, CO). We used a gas-phase titration system,
where a known amount of NO is reacted with O3 (which was formed by exposing ultra zero air to

a Hg-Pen Ray lamp) to form NO,, for calibration.

A typical operating cycle for the NOx instrument includes a 3-min measure mode and a
2-min zero mode. During measure mode, we added O3 to the ambient airflow in the reaction
chamber, causing the chemiluminescent reaction between NO and Os that takes place in front of
the PMT. During zero mode, ozone reacts upstream of the reaction chamber, and hence the

chemiluminescent reaction takes place out of view of the PMT, thereby preventing any photon
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detection due to NO. We could subtract the counts detected during the zero mode from the
counts detected during the measure mode to derive the signal from the NO,* chemiluminescence
alone. This alternation between measure and zero modes continues for 11 hours, after which an
automated one-hour standard addition calibration takes place. We obtained a total of 2
calibrations (and hence 2 sets of sensitivity values) each day. For 2015, our 5-min NO and NO,

detection limits (3—o) were 10 pptv and 35 pptv, respectively.

3.2.2 Photolysis rates

Actinic flux was measured at MBO using a METCON GmbH diode array actinic flux
spectroradiometer (DAFS). The DAFS collects spectrally resolved radiation from 273 to 700 nm
(Edwards and Monks, 2003; Jékel et al., 2005). The instrument consists of a 27 sr actinic flux
entrance optic, a 512-pixel diode array detection system, and a computer for data acquisition.
Wavelengths between 282 and 288 nm were used to estimate the background noise since no
photons with wavelengths shorter than 290 nm can penetrate the atmosphere. A spectral
calibration was performed at the National Center for Atmospheric Research calibration facility
using 1000-W NIST traceable QTH lamps. The absolute uncertainty of the actinic flux
measurements is estimated to be 6% in the UV-B band. The relative uncertainty for comparing
two different observations of j(NO,) was 0.10%. This was estimated by calculating the relative
standard deviation of the actinic flux measurements at high solar noon over a 30-minute time

window on a cloud-free day at MBO.

The photolysis frequency j is dependent on local actinic flux, F, the absorption cross
section, g, and quantum yield, ¢, for molecule A (Edwards and Monks, 2003; Madronich, 1987;

Madronich and Weller, 1990). These molecular parameters are functions of wavelength, A, and
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temperature, 7. Therefore, a photolysis frequency can be defined as the integral of the product of

solar actinic flux, absorption cross section, and quantum yield with respect to wavelength:
, A
j=[Fo (4, T, T)d2 ©)

For ground-based instruments, the limit 4, is typically set to 290 nm, the so-called atmospheric
cut-off where minimal solar actinic flux reaches the ground because of absorption of shorter
wavelengths by stratospheric ozone. On the other hand, A, is the upper bound of the quantum
yields for molecule A. Typically, A, =420 nm for j(NO,) and A, = 340 nm for j(O'D) (Eq. 5 and
Eq. 1, respectively). Absorption cross-section and quantum yield data for j(NO,) and j(O'D) are
obtained from the Jet Propulsion Laboratory (JPL) kinetics/photochemical recommendation

(https://jpldataeval.jpl.nasa.gov/index.html). Uncertainties in these molecular data are typically

+5-10% for cross-sections and greater than +10% for quantum yields. The overall uncertainty
for j(NOy) is £14% (Edwards and Monks, 2003, Shetter et al., 2003). However, because the
DAFS is an instrument with a high straylight and significant instability in the dark current, it has
been shown to impact the deep UV-B where ozone absorption is very strong. Using a
neighboring scanning instrument, Edwards and Monks (2003) computed a diode array j(O'D)
uncertainty of +20% for data where the solar zenith angles are smaller than 70°. Without proper
parameterization, uncertainties can be as high as £60% (Jékel et al., 2005). Jékel et al. (2006)
provided parameterization methods to improve j(O'D) but only for solar zenith angles smaller
than 70°. In this paper, we estimate the overall uncertainty for j(O'D) to be £40%. For this

reason, we report the measured j(O'D) values, but treat the results qualitatively.

Note that we measured only downwelling actinic flux at MBO. However, given the

mostly rocky terrain of the surroundings, we assume a very small upwelling component (5%).
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Therefore, we approximate the total photolysis rates to be 1.05 times the calculated downwelling

rates.
3.2.3 Radiative Transfer Model

Simulations of the ultraviolet radiation field were performed for cloud-free conditions
using the Tropospheric Ultraviolet-Visible (TUV) model v.5.2. A complete description of the
model is given elsewhere (Madronich, 1987; Madronich and Flocke, 1998). Briefly, the model
considers the propagation of solar irradiance through the Earth’s atmosphere taking into account
multiple scattering and absorption due to gases and particles. The atmosphere is divided into 80
equally spaced layers, each 1 km thick, with homogenous composition and properties according
to the United States Standard Atmosphere (USSA, 1976). In this study, the photolysis rates
j(NO,) and j(O'D) are calculated using TUV v.5.2 to simulate clear-sky conditions at MBO. It
was run in pseudo-spherical discrete ordinate 4-stream mode. These simulations are compared

with DAFS-measured values.
3.2.4 BB Event Identification

There are various ways of identifying BB plumes. For example, Weiss-Penzias, et al.
(2007) used a series of criteria to identify pollution events: CO enhancement of >15% above the
monthly mean for at least 12 hours, enhancements in at least one other species (total airborne
mercury, PM, Os, NOy), and an ensemble of backtrajectories that show a consistent pattern of
transport from one of several pre-determined source regions. Parrington, et al. (2013) used
acetonitrile (CH3CN) as tracer. When the value of CH3;CN is below a certain threshold (180
pptv), the event is considered non-plume while it is considered a fire event if it is above the

threshold.
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To identify BB events, we employed the same criteria used by Baylon et al. (2015):
* Five-minute ambient aerosol scattering oy, > 20 Mm™ for at least two hours.
* Five-minute CO > 150 ppbv for at least two hours.
* Strong correlation (> > 0.70) between oy and CO.

* Consistent air mass back trajectories indicating transport over known fire

locations.

For the fourth criterion, we used the Fire Information for Resource Management System
(FIRMS) Web Fire Mapper to identify burning fires

(https://firms.modaps.eosdis.nasa.gov/firemap/). Another important tool that we used was the

AirNow Tech Navigator (http://www.airnowtech.org/navigator/index.cfm). It provides users

with a graphical map of HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory
Model) backtrajectories. We also calculated enhancement ratios (AY/AX) by taking the linear

regression (Reduced Major Axis, RMA) slope of multiple measurements of Y plotted against X.

33 DATA

The summer of 2015 was a very active fire season in the Pacific Northwest, with an area
burned of approximately 2.4 million acres, the third-largest August burned area on record

(www.nifc.gov/). Fires burned in Washington, Oregon, Idaho, Montana, and Northern

California. The most significant fires were from north-central Washington, which burned more
than 300,000 acres and destroyed 176 homes. At MBO, aerosol scattering exceeded 20 Mm'™' for
a large part of August (~50% of the 5-minute dataset). Figure 3.1 shows a time series of o, O3,

J(NO,), and j(O'D) at MBO. Using the criteria enumerated by Baylon et al. (2015), 19 fire
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events were identified. A detailed discussion about the location of these fires and the optical
properties of the BB aerosols observed at MBO is presented elsewhere (Laing et al., 2016; Gao
et al., submitted). Briefly, these fire events ranged from 1.5 to 45 hours in duration, and come
from a mix of both regional (Northern California and Southwestern Oregon) and Siberian BB

smoke. Laing et al. (2016) noted that the regional BB events were influenced by multiple fires

with various transport times ranging from 3 to 35 hours. On the other hand, Siberian events were

transported to MBO with transport times of 4 to 10 days.
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Figure 3.1. Time series of o, O3, j(NO»), and J(O'D) during August 2015. Shading represents
smoky days.
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34  RESULTS

We divided our 5-minute local noontime (11:00-14:00) dataset into three categories
based on o5, levels: clean (0, < 10 Mm'™"), moderate smoke (10 Mm™' < o, < 40 Mm™), and
heavy smoke (o5, > 40 Mm™). Table 3.1 summarizes the statistics. Local mid-day O; for
moderate smoke conditions is 7.3 ppbv higher than for clean air. Average O3 for heavy smoke is
not very different from moderate smoke. The average water vapor for all categories is relatively
high, which is indicative of boundary layer transport. This is common for mid-day at MBO

(McClure et al., 2016).

For mid-day, the NO/NO; ratio in 2015 is highest for heavy smoke, which is consistent
with a similar study conducted at MBO during Summer 2012 and 2013 (Baylon et al., 2015).
The NO, photolysis rates, j(NO;), are higher on average during heavy- and moderate-smoke
conditions versus non-smoke conditions. In particular, the heavy smoke j(NO;) values are
statistically different from the clean air whereas the moderate- and heavy-smoke datasets are not
statistically different. On the other hand, there is no clear pattern for j(O'D). We should note
that Table 1 represents local noontime averages, without taking into account the effect of clouds
which can interact with BB aerosols to produce the variations that we observe in the photolysis

rates. Therefore, we further segregate our data into cloud-free periods which we describe next.
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Table 3.1. Statistics for Summer 2015 local mid-day (11:00-14:00) data segregated based on o,

levels. N represents the number of 5-minute data points.

Clean Moderate smoke
(0p< 10 Mm™) (10 Mm™ <o, <40 Mm™)
Gsp Mean 341 22.9
(Mm™) N 440 197
S.D. 2.25 9.57
Median 3.19 21.5
CO Mean 97.0 137
(ppbv) N 272 110
S.D. 13.4 17.7
Median 94.8 136
O3 Mean 45.6 52.9
(ppbv) N 435 197
S.D. 7.30 3.96
Median 43.5 53.0
Water vapor | Mean 4.41 4.42
(g/kg) N 436 197
S.D. 1.38 1.55
Median 4.44 4.34
Mean 0.16 0.15
NO/NO;, N 129 102
S.D. 0.10 0.13
Median 0.14 0.14
J(O'D) Mean 2.27(107) 2.39(107)
s™) N 440 197
S.D. 6.71(10°) 4.98(10°)
Median 2.49(107) 2.56(107)
J(NO,) Mean 7.89(107) 8.15(107)
s™) N 440 197
S.D. 2.00(107) 1.51(107%)
Median 8.79(107) 8.74(107)

3.4.1 Photolysis rates in BB plumes versus clean air

We are interested in examining the impact of only BB aerosols on photolysis rates.

However, because clouds impact photolysis rates as well, we carefully selected three mostly-

cloud-free days at MBO. To do this, we looked at GOES-WEST visible images from the NOAA
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Comprehensive Large Array-Data Stewardship System (www.class.ncdc.noaa.gov). We

identified August 6™, 18" and 25™ as cloud-free days at MBO. Figure 3.2 shows a time series of

Osps j(0'D), and j(NO,) on these days. August 6™ is a clean day at MBO, with noontime Osp <5

Mm™. August 18" and 25™ are smoky days at MBO, with noontime oy, ~120 and 160 Mm™,

respectively. The smoke on Aug 18" is coming from fires burning in California. CALIPSO

images (www.calipso.larc.nasa.gov) suggest a smoke plume at MBO, with plume top at ~3 km

a.s.. (Figure S1). Similarly, the smoke event on Aug 25" is likely from fires originating in

California and Oregon. CALIPSO suggests a plume top of closer to 5 km a.s.l. (Figure 3.3).

However, at ~14:00 LT, clouds disrupt the diurnal photolysis profiles.
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Figure 3.2. Time series of o, j(0'D), and j(NO,) on selected pollution-free (Aug 6™ and
polluted days (Aug 18" and 25™). All three days are cloud-free until 14:00 LT (LT = UTC — 7).
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Vertical Feature Mask UTC: 2015-08-18 20:51:08.3 to 2015-08-18 21:04:37.0 Version: 3.30 Standard Daytime
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Figure 3.3. CALIPSO images over the Pacific Northwest on Aug 18" and 25"2015.

Another interesting feature from Figure 3.2 is that j(NO,) and j(O'D) have different

shapes. j(NO,) is broader than j(O'D) because the dissociation spectra for NO, reaches to longer

wavelengths. On the other hand, j(O'D) has a narrower diurnal profile because it is increasingly

absorbed by atmospheric O3 at higher solar zenith angles (early morning and late afternoon).
J(NO,) is not very sensitive to atmospheric O; column (see later discussion on sensitivity tests

conducted using TUVS5.2).

We then compare the photolysis rates during the smoky days with respect to the clean
day (Figure 3.4a). Given the +40% uncertainty in our j(O'D) measurements, we perform the
day-to-day comparison only for the j(NO,) values. At 13:00 LT, the Aug 18" and Aug 25"

J(NO,) values were 0.34% and 1.21% higher, respectively, compared with the data on Aug 6.
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These results suggest a small enhancement in mid-day j(NO;). At 08:00 LT, BB aerosols
decrease j(NO,) by 14.2% and 33.4% on Aug 18" and Aug 25", respectively. Table 3.2
summarizes these numbers. We also plot j(NO,) versus solar zenith angle (SZA) (Figure 3.4b)
instead of local time to normalize for SZA differences between the days. Because of no aerosols
in the morning of Aug 18" (Figure 3.2), we show only afternoon data in Figure 3.4b. Similarly,
because of clouds in the afternoon of Aug 25" (Figure 3.2), we show only morning data in
Figure 3.4b. While j(NO,) shows lower values (reduction of 13.5% and 20.5% on Aug 18" and
25™ respectively) in the smoky days compared to the clean day at high SZA (70°), the photolysis
rates are slightly higher (enhancement of 1.84% and 0.18% on Aug 18" and 25™, respectively) at

lower SZA (35°).

We also investigate the behavior of actinic flux at UV wavelengths (Figure 3.5). We
calculate the % difference in the actinic flux on the polluted days (Aug 18 and 25) with respect to
the clean day (Aug 6), and find that at SZA = 70° (Figure 3.5a), there is a 15-25% decrease in
actinic flux in the shorter wavelengths (310-350 nm). Note that the total ozone column varies
between the days affecting the actinic flux ratios below 340 nm. The reduction is stronger for
heavier smoke (Aug 25™). We hypothesize that this reduction in actinic flux is due to excess
extinction from BrC in the smoke. At mid-day (SZA = 35°), the reduction in actinic flux is from
1-4% (Figure 3.5b), with the largest reductions at the smallest wavelengths. From 360-420 nm,
there is an enhancement in actinic flux with respect to the non-smoky day, consistent with the
higher calculated j(NO;) values at SZA = 35° in Table 3.2. The relative uncertainty in the actinic
flux observations is 0.10% for j(NO,). Thus, the changes in j(NO;) (greater at solar noon, lower

at high SZA) are significant.
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Figure 3.4. Comparison of DAFS-measured j(NO,) on clean (Aug 6™) and polluted days (Aug

18" and 25™) at MBO, versus (a) local time and (b) SZA. Because of no aerosols in the morning

of Aug 18", we show only the afternoon data in (b). Because of clouds in the afternoon of Aug

25™ we show only the morning data in (b).

Table 3.2. % change in photolysis rates during cloud-free and smoky days (Aug 18" and 25™)
with respect to a smoke-free day (Aug 6"™) at MBO, at 13:00 and 08:00 LT and for SZA = 35°

and 70°.
13:00 LT 08:00 LT
Aug 18" 0.34% -14.2%
Aug 25" 1.21% -33.4%
SZA =35° SZA =170°
Aug 18" 1.84% -13.5% (afternoon only)
Aug 25" 0.18% -20.5% (morning only)
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Figure 3.5. Change in actinic flux on Aug 18" and 25" with respect to Aug 6™ at (a) SZA = 70°

and (b) SZA = 35°. Positive values refer to greater actinic flux values on Aug 18" or 25",

3.4.2 Measured and modeled photolysis rates

We then compare our measured photolysis rates to the modeled concentrations using
TUVS5.2. We use AOD at 550 nm from MODIS (0.15, 0.50, and 0.64 on Aug 6, 18, and 25,
respectively) and Oz column from OMI (327, 304, and 295 Dobson units, respectively) as inputs.
The results are shown in Figure 3.6. Some of the differences on Aug 6 between the
measurement and model may be attributed to uncertainties in angular response of the optical
collector. Overall, results show that there is a fairly good level of agreement between DAFS-

measured and TUV-modeled j(NO,).
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We perform sensitivity runs as well by toggling between different SSA, O3 column, and
AQOD values (Figure 3.7). Results show that j(NO,) is not sensitive to Oz column input. Keeping
SSA and AOD constant, increasing total ozone from 280 to 400 DU leads to only a 0.8%
decrease in j(NO,). If SSA were increased from 0.8 to 1.0 (more absorbing to more scattering),
J(NO,) increases by 11% (keeping AOD and O; column constant). Keeping SSA and Oz column
constant, j(NO;) shows a 30% increase as AOD is increased to 1. Moreover, j(NO;) is not

sensitive to AOD for high SSA (highly scattering aerosols) but are both sensitive for low SSA

(more loss due to absorption).
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Figure 3.6. Comparison between measured (DAFS) and modeled (TUV5.2) downwelling
J(NO,) on (a) clean (Aug 6™) and (b and ¢) polluted days (Aug 18" and 25™).
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Figure 3.7. Sensitivity of j(NO,) and j(O'D) to (a) total ozone, (b) single scattering albedo
(SSA), and (c) aerosol optical depth (AOD). For each variable not plotted, the base comparison
holds. Total ozone, SSA, and AOD fixed at 300 DU, 0.99, and 0.235.
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3.4.3 Estimating HO;, RO;, and P(O;3) using the Extended Leighton relationship

Finally, we approximate the HO, and RO, concentrations using the extended Leighton
relationship (Eq. 7). For RO,, we consider both CH30;, and CH,C(O)O,. Noontime (11:00—
14:00 PST) average values of temperature, water vapor, ambient pressure, ozone, CO, aerosol
scattering, NOx, and photolysis rates are summarized in Table 3.3. For the Leighton

relationship, we consider the following reactions:

HO, + NO - NO, + OH (10)
CH,C(0)0, + NO — CH;C(0)0 + NO, (12)

Rate constant (cm’ molecule™ s) is expressed by k = 4 exp (-E./RT), where 4, the pre-
exponential factor, is given in cm® molecule™ s, and E,/R (activation energy of the reaction
divided by the gas constant) is given in degrees Kelvin (Brasseur, 1999). Table 3.4 summarizes

the 4 factor and the £,/R constant for reactions 10-12.

We calculate HO,, CH30,, and CH,C(O)O, separately, assuming zero concentrations of
the other components. We find that HO, and RO, concentrations were higher in the cleaner air
versus the polluted air. This pattern is mostly driven by the higher NO/NO, ratios. This seems
counterintuitive but is possible if the hydroxyl radical (OH) concentrations in the fire plume were
lower than outside. OH is the primary oxidant in the troposphere (Seinfeld and Pandis, 1998)
and reacts efficiently with CO and VOCs, which are much higher in the fire plumes. We also
estimate the mid-day rate of O3 production using Eq. (8) and find values of 2.37, 3.12, and 1.99
ppbv/hour on Aug 6™, 18", and 25", respectively, consistent with other reported values in BB

plumes (Cantrell et al., 1997; Griffin et al., 2007; Ridley et al., 1992; Shon et al., 2008).
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Table 3.3. Local noontime (11:00-14:00) average values on Aug 6, 18, and 25 at MBO. HO,,
ROx, and P(Os) are estimated from the extended Leighton relationship. *CO data was

unavailable on Aug 6; therefore, the local noontime median value for August 2015 is used.

**Uncertainty: +33%.

Local noontime average Units Aug 6 Aug 18 Aug 25
Temperature °c 12.3 18.6 13.3
Water vapor g/kg 3.76 4.61 5.70

Pressure mbar 735.4 738.4 736.3
Ozone ppbv 44.1 58.2 50.2
CcO ppbv 194* 270 350
Scattering Coefficient Mm' 3.33 112 145
NO pptv 20.1 39.0 34.9
NO; pptv 95.4 162 115
NOx pptv 116 201 150
NO/NO; ratio unitless 0.21 0.24 0.32
J(NO») 57! 9.05E-03 9.09E-03 8.87E-03
j(0'D) s 3.20E-05 3.18E-05 2.84E-05
HO,** pptv 299 174 109
CH;0,** pptv 318 185 116
CH,C(0)O** pptv 134 79.0 49.0
P(0O3) ppbv/hour 2.37 3.12 1.99

Table 3.4. A Factor and Ea/R constant for reactions 9-11 (values obtained from Brasseur, 1999).

Equation A Factor cm’ molecule™ s~ E/R
10 3.5x 10-"7 -250
11 4.2 x10-"2 -180
12 53 x10-" -360

For comparison, we compiled Leighton relationship-derived (or photostationary state-
derived, PSS) calculations and measurements of HO; + RO, from similar studies. Results are

summarized in Table 3.5. Our estimates of HO, and RO, (49-185 pptv) are in the same order of
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magnitude as these studies, although the PSS-derived values tend to be higher than observed
values. This points out that our understanding of these photochemical processes remains

incomplete.

Table 3.5. Photostationary state-derived (PSS-derived) and measured HO, + RO, concentrations

from field campaigns.

Field campaign Location PSS-derived HO, Measured
and RO; (pptv) HO>+RO; (pptv)
MLOPEX Mauna Loa 60 -
MLOPEX 2 Mauna Loa 100 25
Trop OH Expt UNH 66 33
ICARTT Boulder 50-200 30
217 (BB)
MIRAGE-Mex Mexico City 220 131 (BL)
88 (FT continental)
This study MBO 49-185 -

35 SUMMARY

We looked at wildfire events that we observed at the Mt. Bachelor Observatory (MBO)
during summer 2015, a huge fire season in the Pacific Northwest. These smoke events were
generally associated with ozone enhancements at MBO. The photochemical environment in
biomass burning (BB) plumes remains poorly understood, and our study aims to fill this
knowledge gap.

We are interested in understanding the effect of aerosols only on photolysis rates (as

opposed to the combined effect of aerosols and clouds). To do this, we carefully selected cloud-
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free days (one clean and two smoky days) and investigated the photochemistry in these plumes.
We note that j(NO,) has a broader profile than j(O'D) because the dissociation spectra for NO,
reaches to longer wavelengths. At local noontime (SZA fixed to 35°), j(NO,) values were
slightly higher (0.2-1.8%) in the smoky days compared to the clean day. At higher SZA (70°),
BB aerosols decrease j(NO,) at much larger magnitudes (14-21% decrease). We also observe a
15-25% decrease in actinic flux at UV wavelengths, presumably due to BrC absorption. We
compare our measurements with results from the TUVS5.2 model and find a good agreement
during cloud-free conditions. We also perform sensitivity runs and find that j(NO,) is only
weakly sensitive to O3 column input. If we keep single scattering albedo (SSA) and aerosol
optical depth (AOD) constant, an increase in the total ozone from 280 to 400 DU leads to only a
0.8% decrease in j(NO,). Thus, the observed changes in j(NO,) were not driven by changes in
the ozone column. j(NO,) is less sensitive to AOD for high SSA (highly scattering aerosols) but
more sensitive to AOD for low SSA (more loss due to absorption). Hence the strong reductions

in j(NO,) at high SZA. The noontime values may be enhanced by scattering.

Finally, we used the extended Leighton relationship to estimate HO, and RO,
concentrations and P(Os) in the fire plumes. We calculate lower HO; and RO, values in the fire
plumes, from 49-185 pptv which is in the same range as other studies. This is likely due to
enhanced CO and VOC:s acting as a sink for HO, and RO, radicals. We also compute ozone
production rates of 2.0-3.1 ppbv/hour. Future work can examine these plumes using a detailed

chemical model to shed more light on the complex photochemistry in biomass burning plumes.

71



CHAPTER 4

INFLUENCE OF LONG-RANGE TRANSPORT OF SIBERIAN BIOMASS BURNING

AT THE MT. BACHELOR OBSERVATORY DURING THE SPRING OF 2015

(adapted from Baylon et al., submitted to Aerosol and Air Quality Research)

4.1 INTRODUCTION

Biomass burning (BB) is a significant source of trace gases (ie, CO, NOx, VOCs) and
particulate matter (PM) in the atmosphere (Andreae, 1991; Andreae and Merlet, 2001; Crutzen
and Andreae, 1990; Martins et al., 2012; Real et al., 2007). These emissions lead to the formation
of secondary pollutants with consequences ranging from local to global in scale. One of these
secondary pollutants is ozone, which forms in the troposphere from the interaction of nitrogen
oxides (NOx = NO + NO,) and volatile organic compounds (VOCs) in the presence of sunlight
(Finlayson-Pitts and Pitts, 2000). Ozone is a health hazard to sensitive individuals (Bell et al.,
2006), is the third strongest anthropogenic greenhouse gas (Henderson et al., 2012), and is the
main source of hydroxyl radicals that drive the oxidizing capacity of the atmosphere (Monks et
al., 2009; Seinfeld and Pandis, 1998). Moreover, it damages food crops, forests, and other

ecosystems (Fiscus et al., 2005).

The rate of ozone formation in wildfire plumes is complicated by various factors (Akagi
et al., 2011). While Jaffe and Wigder (2012) broadly showed in their review paper that the
AO3/ACO enhancement ratio, which was used as a measure of ozone production, generally
increases with plume age, they note that there is a lot of variability. Uncertainties such as fire

emissions, combustion efficiency, meteorological patterns, chemical and photochemical
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reactions, aerosol effects on chemistry, and solar radiation complicate quantifying ozone
production from wildfires. More studies are needed to investigate the impact of fires on

downwind air quality for long-range transport (LRT) events.

It is well established that Asian long-range transport (ALRT) episodes, which can be
natural (i.e., biomass burning) or anthropogenic (i.e., fossil fuel burning, biofuel burning, human-
caused fires), contain trace gases and particulates such as ozone, CO, NOx, VOCs, and dust that
can be transported across the Pacific under certain meteorological conditions (Jaffe et al., 1999;
Liang et al., 2004; Teakles et al., 2017). Siberian BB events during the summer of 2003 resulted
in ozone and CO enhancements from the background of 5-9 ppbv and 23-37 ppbv, respectively,
at 10 surface stations in Alaska, Canada and the Pacific Northwest, contributing to exceedances
in the national air quality standards (Jaffe et al., 2004). In another large event, ozone and CO
exceeded 100 ppbv and 220 ppbv, respectively (Bertschi and Jaffe, 2005). Similarly, the Siberian
fires in July 2012 resulted in trans-Pacific transport of a large smoke plume which affected air
quality in British Columbia and Washington State (Teakles et al., 2017). Ozone and PM, 5
enhancements of 34-44 ppbv and 10-32 pg/m’, respectively, were observed. Smaller ozone and
PM, 5 enhancements of 10 ppbv and 4-9 ug/m’ were observed at sites with stable atmospheric
conditions, leading to stagnant conditions which limited the entrainment of the fire plume into
the BL (Teakles et al., 2017). AO3;/ACO enhancement ratios for the Siberian 2012 BB events
observed at Whistler high-elevation site had a mean value of 0.26 ppbv/ppbv, comparable to
other similarly aged Siberian wildfire plumes with ratios of 0.22—0.36 ppbv/ppbv (Bertschi et al.,

2005) and 0.15-0.84 ppbv/ppbv (Bertschi and Jaffe, 2005).

These studies suggest that long-range transport of Siberian BB emissions has far-reaching

impacts on surface air quality downwind. However, air quality impacts can vary with downwind
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meteorology and entrainment pathways. Smaller ozone and PM enhancements at the surface are

associated with stable atmospheric conditions and BL transport. On the other hand, higher

enhancements are linked to FT transport, strong source, and favorable transport.

The Mt. Bachelor Observatory (MBO; 2.8 km a.s.l.) is a mountaintop site established by

the University of Washington Atmospheric Chemistry group in 2004 (Jaffe et al., 2005). Data

from MBO has been extensively used to study the LRT of natural and anthropogenic pollution

from Siberia and Asia to North America. Year-to-year variability of ALRT events observed at

MBO can be traced to variability in both emission source and transport (Reidmiller et al., 2009).

In this paper, we examine an episodic LRT of Siberian wildfire smoke to the western

U.S. on April 2015. We use free tropospheric (FT) data from MBO and from the NOAA WP-3D

research aircraft during the Shale Oil and Natural Gas Nexus (SONGNEX) campaign, as one of

these flights intercepted the Siberian plume. We also look at boundary (BL) sites in the western

U.S. We are interested in answering the following questions:

Were the MBO and aircraft observations consistent with respect to the enhancement
ratios?

What caused the relatively high AO3/ACO and Ac,,/ACO ratios for the Siberian 2015
fires?

Was there O3 production and if so, was this O3 mixed into the boundary layer? Was there
entrainment from the upper troposphere/lower stratosphere (UT/LS)?

How does the reactive nitrogen speciation of the plume relate to O; production and

ANOy/ACO?
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4.2 METHODS

Mt. Bachelor Observatory (MBO) is a mountaintop site established in 2004 (Jaffe et al.,
2005). It is located on the summit of Mt. Bachelor in the Cascades Mountains of central Oregon.
Mt. Bachelor is located in the Deschutes National Forest and is home to a ski resort.
Measurements of o, (TSI Model 3563), O3 (Dasibi 1008 RS) and CO (May 2012 onwards:
Picarro G2302), along with measurements of basic meteorology, such as temperature, humidity
and wind speed, have been on-going at MBO since 2004 (see Ambrose et al., 2011 and Gratz et

al., 2014 and references therein for details on o, O3 and CO instrumentation).

We also used measurements from the NOAA WP-3D Orion research aircraft during the
Shale Oil and Natural Gas Nexus (SONGNEX) campaign in Spring 2015. The mission of
SONGNEX was to quantify atmospheric emissions from various U.S. energy infrastructures and
to study how these emissions transform chemically in the atmosphere and how they contribute to

ozone and PM formation (https://esrl.noaa.gov/csd/projects/songnex/). The NOAA WP-3D

aircraft was based in Broomfield, CO, and Austin, TX. Twenty research flights were conducted
between March 19 and April 27, 2015 over oil and gas production regions in the western U.S.
The aircraft was equipped with an extensive set of gas-phase measurements, including
instruments for methane, CO, canister samples for VOCs, NOx, NOy, PAN, and ozone (Lerner
et al., 2017). One of the SONGNEX flights sampled the Siberian plume. This gives us an

opportunity to study a similar, possibly the same, plume at both MBO and via the aircraft.

Observations of Os in Boise City, ID (AQS ID: 16-001-0010); Idaho Falls, ID (16-023-
0101); and Portland, OR (41-067-0005) were obtained from the U.S. EPA AirData archive

(www.epa.gov/airdata). Figure 4.1 shows a map of the surface sites and the aircraft flight track.
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Figure 4.1. Location of air quality sites used in this study and track of SONGNEX Flight

20150421. Only four stations in Oregon and Idaho have MDAS Os data on April 2015.

We also used Lidar data from CALIPSO to examine plume height (https://www-

calipso.larc.nasa.gov). We ran the HYSPLIT (Hybrid Single Particle Lagrangian Integrated

Trajectory Model) backtrajectories and forward dispersion to identify the transport time and

mechanisms (http://ready.arl.noaa.gov/HYSPLIT.php). We also used the Navy Aerosol Analysis

and Prediction System (NAAPS) Global Aerosol Model (https://www.nrlmry.navy.mil/aerosol/)

to look at the forecast total optical depth and smoke surface concentrations.
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4.3 DATA AND RESULTS

4.3.1 Siberian 2015 smoke event overview

In April 2015, huge agricultural fires burned in the steppes of southern Russia. These
fires are routinely set to fertilize the soil for the coming year, but abnormally warm temperatures
and strong winds in April 2015 led to devastating fires that burned several villages and killed
dozens of people. Figure 4.2 shows a true-color image of the Zabaikalsky Territory on April 14,
2015 from the Moderate Resolution Imaging Spectroradiometer (MODIS) aboard NASA’s Terra
satellite (NASA image courtesy of Jeff Schmaltz). Burning sources are outlined in red. Smoky
air is evident throughout the region. Typically, these fires remain in the boundary layer (BL).
However, because of unusually warm temperatures and a baroclinic cyclone that developed near
Chita, Russia, they were lofted high up into the upper troposphere where strong upper-level
winds dispersed them widely. Figure 4.3 shows shows both a MODIS infrared (IR) image from
NASA’s Aqua satellite (top) and a Lidar image from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) instrument on the CALIPSO satellite (bottom) (NASA Earth
Observatory image by Jesse Allen, using expediated data provided by the CALIPSO team). Both
were taken overnight on April 15, 2015. The Lidar image in the bottom shows the vertical
profile for the red line in the top figure which represents the north-south flight of the CALIPSO
satellite (overpass at the Sea of Okhotsk). CALIOP detected smoke between 4—10 kilometers
(2—6 miles). This height indicates that the smoke plumes were injected relatively high in the

atmosphere.
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It is well-established that Asian dust can be transported across the Pacific during
springtime (Fischer et al., 2010; Jaffe et al., 2003). Therefore, it is possible that the Siberian BB

plume is mixed with dust.

After the Siberian smoke was lofted high in the atmosphere, strong upper-level winds
carried it over the Sea of Okhotsk and eventually across the Pacific Ocean. Figure 4.4 shows a
true-color MODIS image of the smoke moving across the Pacific into the west coast of North

America on April 18, 2015 (NASA image courtesy of Jeff Schmaltz).

Russia

Burn scar

China

Figure 4.2. True-color image of the Zabaikalsky Territory obtained from MODIS aboard
NASA’s Terra satellite on April 14, 2015, 10:30 local time (NASA image courtesy of Jeff
Schmaltz).
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Figure 4.3. Aqua MODIS IR image (top) and Lidar retrieval from the CALIOP instrument
aboard the CALIPSO satellite (bottom) overnight on April 15, 2015 (NASA Earth Observatory
image by Jesse Allen, using data provided by the CALIPSO team).

Figure 4.5 shows Aqua MODIS images over the Pacific Northwest from April 17-19,
2015. Figure 4.6 shows the Lidar image from CALIPSO on April 19, 2015. At this time,
Siberian fires are observed at an elevation of 4-8 kilometers, consistent with the initial observed

heights at the source described in Figure 4.3.
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California’

Figure 4.4. Aqua MODIS image of the Siberian smoke moving across the Pacific on April 18,
2015 (NASA image courtesy of Jeff Schmaltz).

April 17 April 18 April 19

Figure 4.5. True-color Terra MODIS images of the Pacific Northwest from April 17-19, 2015,
10:30 local time.
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Figure 4.6. Lidar retrieval over NE Pacific obtained from CALIPSO on April 19, 2015.

4.3.2 Siberian plume observations in the FT at MBO

At MBO, we observed hourly aerosol scattering (550 nm) values of ~130 Mm™" (PM; ~
43 ug/m’) and hourly ozone of ~85 ppbv on April 21, 2015 (Figure 4.7). Water vapor during
these PM and Os peaks was ~0.9 g/kg, which is characteristic of dry FT air. Figure 4.8 shows
plots of hourly ozone, water vapor, CO, and aerosol scattering (O, at 550 nm) observed at MBO
for the entire month of April 2015. The period from April 20-21 stands out because of the high

ozone, CO, and oy, and low water vapor observed at MBO.
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Figure 4.7. Time series of hourly oy,, O3, and water vapor at MBO.
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Figure 4.9. Ten-day HYSPLIT backtrajectories initiated (a-f) at MBO and (g-1) at the location of
the aircraft. Also plotted are the rainfall (in mm/hr), relative humidity (%), air temperature (in
K), and downward solar radiation (in W/m?) values from the meteorological fields used for the

trajectories
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To verify the influence of Siberian smoke on our MBO observations, we perform a 10-
day HYSPLIT backtrajectory (Fig. 4.9(a-f)). Results confirm that the pollution episode came
from Siberia and that the plume stayed in the FT for the most part during its transport. Wet
deposition was minimal as indicated by the negligible rainfall (Fig. 4.9(c)). Relative humidity
was also low during transport (Fig. 4.9(d)). We now look at the observations from the NOAA

WP-3D aircraft.

4.3.3 Siberian plume observations in the FT on the NOAA WP-3D research aircraft

One of the flights during the SONGNEX field campaign in 2015 intercepted the Siberian
plume on April 21. Fig. 4.1 shows the location of the flight track with respect to the location of
MBO. Fig. 4.10(a-b) shows a time series of the aircraft data. We divide the aircraft time series
into three (AC plumes 1, 2, and 3) because the 0zone-CO plots for these three plumes appear
distinct from each other (discussed later on Fig. 4.13(a)). From 22:30-22:39 UTC (Fig. 4.10(c)),
the aircraft intercepted a plume (AC plume 1) with elevated CO, oy, and Os levels. From 22:39—
22:42 UTC (Fig. 4.10(d)), a similar plume (AC plume 2) with higher O; levels was observed.
However, from 22:42-22:52 UTC (Fig. 4.10(e)), the aircraft intercepted a plume that was rich in

ozone but relatively lower in CO (AC plume 3).
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Figure 4.10. Aircraft data during the April 21* flight of SONGNEX.
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Hourly CO and ozone at MBO on April 21 09:00 UTC were 223 ppbv and 91.1 ppbv,
respectively. On the other hand, instantaneous CO and ozone measurements from the aircraft on
April 21 during the plume intercept (~22:28-22:40 UTC) ranged from 200-300 ppbv and 70-85
ppbv, respectively. The CO observed by the aircraft is comparable to the measurements at MBO.
However, the ozone observed by the aircraft is lower than that observed in MBO. The MBO and
aircraft observations are 13 hours apart. We perform HYSPLIT forward dispersion runs initiated
at MBO (April 21 09:00 UTC) and observe that it takes ~70 hours for a plume to be transported
from MBO to the location of the aircraft. Fig. 4.11 shows the time-of-arrival plot. Given that the
MBO and the SONGNEX aircraft observed this plume only 13 hours apart, this indicates that the
Siberian plume observed at MBO on 09:00 UTC was not the same plume intercepted by the

aircraft at ~22:28 UTC, but was of similar Siberian origin.

Plume Arrival (hours) from Initial Time
Initial Time = 12z 20 Apr 2015; species = Unit; level(m) = 4000

N P

>0 >7 >14 >21 >28 >35 >42 >49 >56 >63 >70 >77
Threshold: >0.0E+00

Figure 4.11. Time-of-arrival plot for a plume initiated at MBO on April 21 09:00 UTC. This
shows that an air mass at MBO would take at least 70 hours to reach the SONGNEX aircraft.
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To identify the origin of the plume intercepted by the aircraft, we look at the Global
Aerosol Model from the Navy Aerosol Analysis and Prediction System (NAAPS) (Fig. 4.12 and
Appendix D) and HYSPLIT backtrajectories (Fig. 4.9(g-1)). We find that as the Siberian plume
crossed the eastern Pacific, it splits: one plume moves eastward and the other moves over Alaska
and down to the U.S. mid-West (Fig. 4.12). MBO observed the former while the aircraft
intercepted the latter. Both plumes are Siberian in origin but were transported through different
pathways. Fig. 4.9 (g-1) show HYSPLIT backtrajectories initiated at the location of the aircraft.
Compared to the backtrajectories initiated at MBO (Fig. 4.9(a-f)), the backtrajectories
corresponding to the aircraft data suggest that the plume encountered more hours in rainfall (Fig.
4.9(1)) and higher relative humidity (Fig. 4.9(j)). This could lead to aerosol deposition, which

could explain why the aircraft observed lower Ac,,/ACO ratios than at MBO (Table 4.1).

r2015

0.2 1

Figure 4.12. AOD forecast from the Global Aerosol Model of the Navy Aerosol Analysis
and Prediction System (NAAPS). The location of MBO and the NOAA WP-3D aircraft are
represented by the red star and blue circle, respectively.

4.3.4 Enhancement ratios for the Siberian plume

We now look at scatter plots of O3, 0y, and NOy with respect to CO for both MBO and

aircraft data (Fig. 4.13). From the scatter plots, we can calculate the enhancement ratio by taking
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the slope of a Reduced Major Axis (RMA) linear regression. These enhancement ratios, along
with results from similarly aged Siberian plumes observed in North America, are summarized in
Table 4.1. Bertschi et al. (2004) reported plume heights from 1-4 km whereas Teakles et al.
(2017) reported heights from 2—3.6 km. The Siberian 2015 fires were transported at higher
elevations (4—10 km). Note that NOy was not measured at MBO during Spring 2015. Because
CO data at MBO was available only on April 21, we calculate these ratios at MBO for this day
only. All three parameters are well-correlated. AOs/ACO is 0.455 ppbv/ppbv (R*= 0.90) and

Acg,/ACO enhancement ratio is 1.83 Mm'/ppbv (R*= 0.92) at MBO.
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Fig. 4.13. Scatter plots of (a) O3, (b) Oy, and (¢) NOy with respect to CO for both aircraft and
MBO data.
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Table 4.1. AO3;/ACO, Acs,/ACO, and ANOy/ACO ratios for similarly aged Siberian plumes
observed in North America, and for the Siberian 2015 plume observed at MBO and on the
NOAA WP-3D aircraft (AC) during the SONGNEX campaign.

Reference AO3/ACO Ac,/ACO ANOy/ACO
(ppbv/ppbv)  (Mm™/ppbv)  (ppbv/ppbv)
Spring 2002 Bertschi et al. (2004) 0.22-0.42 0.27-0.88
Summer 2003 Jaffe et al. (2004) 0.14-0.39
Summer 2012 Teakles et al. (2017) 0.26 0.24
MBO 0.46 1.83
AC Plume 1 0.10 0.67 0.0124
Spring 2015 (This
study) AC Plume 2 0.084 0.63 0.0119
AC Plume 3 0.97 0.48 0.0123

The aircraft intercepted plumes with three distinct O3-CO profiles. The first two plumes

(AC plumes 1 and 2) had AO3/ACO enhancement ratios of 0.10 and 0.084 ppbv/ppbv which are

lower than, but within the bounds of, the values from other studies (Table 4.1). During the latter

part of the plume crossing (AC plume 3), the aircraft intercepted an ozone-rich airmass that had

lower CO levels (Fig. 10a), but still with a strong, positive O3-CO correlation, with an AO3/ACO

enhancement ratio of 0.97 ppbv/ppbv, much higher than AC plumes 1 and 2. This high value is

mostly driven by the lower CO enhancement. We hypothesize that AC plume 3 could be mixed

with non-BB air (low acetonitrile values in Fig. 10b; acetonitrile is a BB tracer), probably from a
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local pollution source as evidenced by the increasing water vapor during the plume crossing (Fig.
4.10a). UT/LS air is not likely a dominant factor as this type of air is typically associated with
negatively correlated Oz and CO profiles (Ambrose et al., 2011). Fig. 4.10e shows that O3 and
CO are well-correlated for AC plume 3. However, the methane concentrations for AC plume 3
are low, which could suggest some UT/LS influence. Overall, it appears that AC plume 3 is

likely a mix of sources.

The AO3/ACO ratio at MBO is higher than AC plumes 1 and 2 and this could be
explained by more subsidence in the Siberian plume arriving at MBO (Fig. 4.9b) and less
subsidence for the aircraft observations (Fig. 4.9h). The plume was warmer at MBO (275 K).
At this temperature, PAN has a lifetime of 1.5 days. Given that the plume stayed at this
temperature for 2 days prior to being sampled at MBO (Fig. 4.9¢), PAN must have decomposed
back to NOx which then led to ozone production, hence the higher AO3;/ACO ratio at MBO. On
the other hand, the aircraft observations were colder (255-260 K) (Fig. 4.9k). At these
temperatures, PAN has a lifetime of 27—77 days. This suggests that NOx remained locked up as
PAN during transport and did not lead to ozone production, hence the lower AO3/ACQO ratios for

the aircraft data.

For the Ac,/ACO ratios summarized in Table 4.1, two things stand out. First, the
Acg,/ACO ratios at MBO are nearly three times larger than the ratios for all three AC plumes.
This is because of the different transport mechanisms for both observation platforms. The plume
observed at MBO was transported eastward with minimal washout. On the other hand, the
plume observed by the aircraft moved over to the Arctic where the troposphere is lower. This
suggests wet deposition of particulates which explains the lower Acy,/ACO ratios observed by

the aircraft.
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Second, the Ac,,/ACO ratios for the Siberian 2015 fire plumes are on the higher end of
the observed ratios in similarly aged plumes. In particular, the Ac,,/ACO ratio at MBO is the
highest among any observed plumes. Based on emission factors for biomass burning reported by
Akagi et al. (2011), boreal fires have a APM/ACO emission factor ratio of 0.14 ug/m>. The
corresponding APM; s/ACO ratios at MBO and AC plumes 1, 2, and 3 are 0.61, 0.22, 0.21, and
0.16 ug/m’, respectively. The higher ratios for the Siberian 2015 fires suggest an additional
source aside from the BB smoke. AOD forecasts from NAAPS (Fig. 4.12 and Appendix D)
show that this additional PM comes from dust (green-yellow shade). The calculated scattering
Angstrom exponent for this event at MBO (using the 450-700 nm pair) is 1.9, which is indicative

of a smoke/dust mixture.

All other events enumerated in Table 4.1 reported effects on surface air quality via ozone
exceedances. Later, we look at effects of the Siberian 2015 fires on surface air quality in the

western U.S.

Fig. 4.14 shows a time series of the reactive nitrogen species in the Siberian plume as
observed from the aircraft. Most of the NOy (~75%) is stored as PAN. NOx is insignificant. This
suggests that most photochemical production of Oz from the plume likely has not happened.
However, if the plume warmed up (i.e., via descent), then PAN would decompose back to NOx
and ozone formation can take place. For comparison, Briggs et al. (2016) looked at regional fires
observed at MBO during summer 2012 and 2013 and found that PAN comprised 25-57% of the

total reactive nitrogen.
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Figure 4.14. NOy speciation of the plume observed by the aircraft.

4.3.5 Siberian plume observations in the BL

Finally, we pick sites in the Pacific Northwest that have data on April 2015. We focus on
Oregon and Idaho as these states are the most impacted by the Siberian plumes based on the
MODIS images (Figs. 4.4 and 4.5). Aside from MBO, we selected Boise (826 m a.s.l.), Idaho
Falls (1815 m), and Portland (53 m) (see Fig. 4.1). Fig. 4.15 shows a time series of the maximum
daily average 8—hour (MDAS) ozone at these sites for April 2015. MBO has the highest MDAS
values (50-85 ppbv) compared to the other sites. Idaho Falls showed a small enhancement but no
other sites showed a similar trend. This supports the satellite and Lidar observations that most of

the Siberian smoke has stayed aloft.
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Figure 4.15. MDAS Os; time series at Portland, Boise, Idaho Falls, and MBO on April 2015.

44 SUMMARY

In April 2015, huge agricultural fires burned in the steppes of Southern Russia. Due to
strong winds, the fires burned out of control and likely mobilized large amounts of mineral dust
as well. The smoke and dust were injected relatively high in the atmosphere where strong upper-
level winds dispersed them widely. We used data at Mt. Bachelor Observatory in central Oregon
(MBO; 2.8 km a.s.l.) and from the NOAA WP-3D aircraft during the Shale Oil and Natural Gas
Nexus (SONGNEX) campaign (SONGNEX) to examine the plume chemistry downwind of the
fire source. We find that both platforms observed a plume of Siberian origin but not the same

exact plume.

We find that AO3/ACO enhancement ratio at MBO is higher than for the plume

intercepted by the aircraft. This is due to the warmer plume observed at MBO which led to
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thermal decomposition of PAN to NOx. The colder plume observed by the aircraft allowed PAN
to be locked up and therefore less ozone production. We also find that the Acy,/ACO
enhancement ratios at MBO and on the aircraft were much higher than the ratios for similarly
aged Siberian fires that were observed previously in the western U.S. We observe that this is
because of dust transport in addition to the smoke. We also hypothesize minimal wet scavenging
of aerosols en route to MBO because of the relatively intact nature of the Siberian plume. For the
aircraft, greater plume encounter with clouds reduced the aerosol loading. We also observe that
75% of the reactive nitrogen in the Siberian plume intercepted by the aircraft is in the form of
PAN and that NOx was a minor component of the plume. This suggests that most photochemical
production of ozone from this part of the plume has not happened, but can occur once the plume
warms up during descent. The Siberian 2015 fires that we studied did not lead to air quality
enhancements at the surface in North America. This is because the Siberian fires were lofted at
4-10 kilometers a.s.l. in Russia, and while the plumes were efficiently transported across the
Pacific, there was no significant high-pressure system to cause subsidence and mixing into the

boundary layer.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

This dissertation focused on three types of high-ozone events that we typically observe at
Mount Bachelor Observatory (MBO) and in the western United States during spring and
summer: (1) upper troposphere/lower stratosphere (UT/LS) episodes; (2) biomass burning (BB)

plumes; and (3) long-range transport (LRT) of pollution.

In Chapter 2, I described a UT/LS event that affected air quality in the western U.S. in
Spring 2012. We observed an O3 increase of 2.0-8.5 ppbv in monthly average maximum daily
8—hour average O3 mixing ratio (MDAS O3) at MBO and numerous other sites in the western
U.S. compared to previous years. This shift in the Os distribution had a strong effect on the
number of exceedance days at surface sites in the western U.S. We also observed a good
correlation between daily MDAS variations at MBO and at downwind sites. This suggests that
under specific meteorological conditions, synoptic variation in O3 at MBO can be observed at
other surface sites in the western U.S. At MBO, the elevated O3 concentrations in May 2012 are
associated with low CO values and low water vapor values, consistent with transport from the
upper troposphere/lower stratosphere (UT/LS). Furthermore, the Real-time Air Quality
Modeling System (RAQMS) analyses indicate that a large flux of O3 from the UT/LS in May
2012 contributed to the observed enhanced O3 across the western U.S. Our results suggest that a
network of mountaintop observations, LIDAR and satellite observations of Oz could provide key

data on daily and interannual variations in baseline Os.
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In Chapter 3, I looked at regional BB events during Summer 2015. The photochemical
environment in biomass burning (BB) plumes remains poorly understood, and our study aims to
fill this knowledge gap. I selected cloud-free days at MBO and investigated the photochemistry
in these plumes. At local noontime (lower solar zenith angle), j(NO,) values were slightly higher
(0.2-1.8%) in the smoky days compared to the clean day. At higher SZA (70°), BB aerosols
decrease j(NO,) at much larger magnitudes (14-21% decrease). We also observe a 15-25%
decrease in actinic flux at UV wavelengths, presumably due to BrC absorption. We compare our
measurements with results from the TUVS5.2 model and find a good agreement during cloud-free
conditions. Finally, I used the extended Leighton relationship to estimate HO, and RO,
concentrations and P(Os) in the fire plumes. I calculate HO, and RO; values from 49-185 pptv,
which is in the same range as other studies. I also compute ozone production rates of 2.0-3.1
ppbv/hour. Results of this work need to be verified with a photochemical model. In particular,
the calculated HO; and RO, radicals need to be examined. Future work can examine these
plumes using a detailed chemical model to shed more light on the complex photochemistry in

biomass burning plumes.

In Chapter 4, I described a Siberian BB event that was observed at high elevation in the
western U.S. but not at low elevations. I used data from MBO and from the NOAA WP-3D
Orion research aircraft during the Shale Oil and Natural Gas Nexus (SONGNEX) campaign in
Spring 2015 to gain insights about the plume chemistry. Using satellite data and model forecasts
from NAAPS, we find that MBO and the aircraft did not observe the same exact plume although
both have similar Siberian origin. We also find that the AO3;/ACO and Ac,,/ACO enhancement
ratios at MBO were much higher than the ratios for similarly aged Siberian fires that were

observed in the western U.S. We find that the smoke was mixed with dust, generating Acy,/ACO
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ratios that were much higher than BB alone. The plume observed at MBO was warmer hence
allowing PAN to thermally decompose to NOx, thus we see higher AO3/ACO at MBO. On the
other hand, the plume observed by the aircraft was colder, hence PAN remained locked up. This
is consistent with the aircraft observations that 75% of the reactive nitrogen is in the form of
PAN and that NOx is insignificant. Model simulations of the Siberian event would help in
verifying both mountaintop and aircraft observations. In particular, it would be interesting to
quantify how much ozone was produced downwind from the fires, how much ozone was
produced from PAN decomposition, and how much ozone was mixed from the UT/LS, if there

was any.
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APPENDIX B

SATELLITE IMAGES FROM GOES-WEST ON AUGUST 2015

These are retrievals from the GOES-WEST geostationary satellite on August 18, 2015

over Mt. Bachelor Observatory (MBO) (red star).
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These are retrievals from the GOES-WEST geostationary satellite on August 25, 2015

over MBO (red star).
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These are retrievals from the GOES-WEST geostationary satellite on August 29, 2015

over MBO (red star).
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FORWARD DISPERSION RUNS FROM HYSPLIT ON APRIL 2015

These are HY SPLIT forward dispersion runs initiated on April 20, 2015 at MBO

(43.979N, 121.687W) using meteorology obtained from GDAS. Release top: 6000 m a.g.1.;

release bottom: 2000 m a.g.l.

APPENDIX C

NOAA HYSPLIT MODEL
Dilution Factor (1/m3) averaged between 0 m and 400
Integrated from 0000 21 Apr to 0400 21 Apr 15 (UTC)
Unit Release started at 1200 20 Apr 15 (UTC)

0m

Minimum:

>1.0E-14 1/m3

1.0E-151/m3
>1.0E-16 1/m3

>1.0E-17 1/m3

Maximum: 1.1E-14 1/m3

2.8E-22 1/m3

Source =+ 43.979 N 121.687 W 2000 m to 6000 m

GDAS METEOROLOGICAL DATA

Job ID:

tart: Fri Apr 21 21:18:57 UTC 2017

2971 Job S
: lat.: 43979000 lon.: -121.6870 Hgt: 2000 to 6000 m

20 lutant: Unlt Unspec

ntity: 1 mass Start: 1504 20 12 0 Duration: 84 hrs, 0 min

Pollutant Averagmg/lmegranon Period: 4 hrs and 0 min

Dry Deposition rate: 0 cm/s Wet Removal: None #Part: 94000
leteorology: 0000Z 15 Apr 2015 - GDAS1

This is nota NOAA product. It was produced by: unknown
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NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 0800 21 Apr to 1200 21 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)

Source % 43.979 N 121.687 W 2000 mto 6000 m
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ob ID:2971 Job Start: Fri Apr 21 21:18:57 UTC 2017
lat. 979000 lon.: -121.6870 Hgt: 2000 to 6000 m

ollutant: Unlt Unsp
se Quantity: 1 mas S 1504 20 120 Duratlon 84 hrs, 0 min

=’o lutant Avevagmg/lntegranon Perlod 4 hrs and

Dry Deposmon rate:0 cm/s  Wet Removal: None #Part 94000

Meteorology: 0000Z 15 Apr 2015 - GDAST1

This is nota NOAA product. It was produced by: unknow

NOAA HYSPLIT MODEL

00D

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 1600 21 Apr to 2000 21 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)

Source % 43.979 N 121.687 W 2000 mto 6000 m

Dry Deposition rate: 0 cm/s  Wet Removal: None #Part 94000
Meteorology: 0000Z 15 Apr 2015 - GDAST1
This is nota NOAA product. It was produced by: unknown
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Pol Iumm Unlt Unsp ified
Release Quantity: 1 mass Start: 1504 20 120 Duratlon 84 hrs, 0 min
Pollutant Avevagmg/lntegranon Period: 4 hrs and 0 mi
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Source % 43.979 N 121.687 W 2000 mto 6000 m

Source % 43.979 N 121.687 W 2000 mto 6000 m

NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
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Unit Release started at 1200 20 Apr 15 (UTC)
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This is nota NOAA product. It was produced by: unknown
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Source % 43.979 N 121.687 W 2000 mto 6000 m

NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 1600 22 Apr to 2000 22 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)
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00D

NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 0000 23 Apr to 0400 23 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)
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NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 0800 23 Apr to 1200 23 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)

Source % 43.979 N 121.687 W 2000 mto 6000 m

>1.0E-14 1/m3

1.0E-151/m3
>1.0E-16 1/m3

>1.0E-17 1/m3

Maximum: 6 5E-15 1/m3
-90 X Minimum: 7.5E-23 1/m3

GDAS METEOROLOGICAL DATA

ob ID:2971 Job Start: Fri Apr 21 21:18:57 UTC 2017
lat. 979000 lon.: -121.6870 Hgt: 2000 to 6000 m

ollutant: Unlt Unsp

se Quantity: 1 mas S 1504 20 120 Duratlon 84 hrs, 0 min
=’o lutant Avevagmg/lntegranon Perlod 4 hrs and
Dry Deposmon rate:0 cm/s  Wet Removal: None #Part 94000
Meteorology: 0000Z 15 Apr 2015 - GDAST1
This is nota NOAA product. It was produced by: unknown
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NOAA HYSPLIT MODEL

Dilution Factor (1/m3) averaged between 0 m and 4000 m
Integrated from 1600 23 Apr to 2000 23 Apr 15 (UTC)

Unit Release started at 1200 20 Apr 15 (UTC)

-150

Source % 43.979 N 121.687 W 2000 mto 6000 m

>1.0E-14 1/m3

1.0E-151/m3
1.0E-16 1/m3

>1.0E-17 1/m3

Maximum: 4 5E-15 1/m3
Minimum: 2.7E-24 1/m3

GDAS METEOROLOGICAL DATA

ob ID:2971 Job Start: Fri Apr 21 21:18:57 UTC 2017
lat. 979000 lon.: -121.6870 Hgt: 2000 to 6000 m

ollutant: Unlt Unsp

se Quantity: 1 mas S 1504 20 120 Duratlon 84 hrs, 0 min
=’o lutant Avevagmg/lntegranon Perlod 4 hrs and
Dry Deposmon rate:0 cm/s  Wet Removal: None #Part 94000
Meteorology: 0000Z 15 Apr 2015 - GDAST1
This is nota NOAA product. It was produced by: unknown

00D

135



APPENDIX D

NAAPS GLOBAL AEROSOL MODEL FOR APRIL 2015

These are results from the Navy Aerosol Analysis and Prediction System (NAAPS)

Global Aerosol Model (https://www.nrlmry.navy.mil/aerosol/) from 17-24 April 2015. Plots are

presented in a 4-panel format, each 6 hours apart. Upper-left image is the total optical depth at a

wavelength of 0.55um for all NAAPS components: sulfate, dust, and smoke. Upper-right,

lower-left, and lower-right images are the sulfate mass mixing ratio, dust mass mixing ratio, and

smoke mass mixing ratio, respectively, (all in pg/m’) at the surface.
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NAAPS Total Optical Depth for 12:00Z 17 Apr 2015
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NAAPS Total Optical Depth for 00:00Z 18 Apr 2015
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