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ABSTRACT

PHASE PARTITIbN]NG OF SOLUBLE TRACE GASES WITH SIZE-RESOLVED
AEROSOLS IN NEAR-SURFACE CONTINENTAL AIR OVER NORTHERN
COLORADO, USA DURING WINTER
by
Andrew H. Young

University of New Hampshire, December 2012

Multiphase processing of reactive halogens impact important, interrelated
chemical processes in Earth’s troposphere. During the Nitrogen, Aerosol Composition,
and Halogens on a Tall Tower (NACHTT) campaign at the National Oceanic a:nd _
Atmospheric Administration Boulder Atmospheric Observatory tower, Erie, CO, USA in
winter 2011, soluble trace gases, the ionic composition of size-resolved aerosols, and the
associated meteorological conditions were measured. Aerosol pH ivas inferred from the
multiphase coupling of HNO3, NH3, and HCI. pHs calculated from the measured phase
partitioning and thermodynamic properties of HNO; and NH; were similar both in terms
of absolute values as well as overall trends across the sampled size fractions while pHs
inferred .from the HCl1 couple were consistently higher. Aerosols were acidic across all
size fractions and throughout the dl'iration of the campaign. Total Cl was greater than
- CINO; in sampled air parcels suggesting that Cl availability was not the limiting factor in

" CINO;, production.

viil



CHAPTER 1

ATMOSPHERIC AEROSOLS

1.1 Aerosol Background

Pollution in the atmosphere is made up of both gaseous and particulate
constituents, and for the past several decades a great deal of time has been spent to
understand the fundamental sources, chemistry, and transport of these pollutants.
However relatively little of the work has focused on condensed phase chemical processes
involving atmospherie aerosols. Atmospheric aerosols are solid or liquid particles
suspended in air and can contribute to a large range of phenomena including dust, fog,
haze, smoke and soot [Seinfeld and Pandis, 1998].

Aerosols can play a role Ain the interaction of solar radiation with Earth’s climate
system through the scattering and absorption of light. The degree to which the aerosols
-will interact with the solar radiation depends on a Variety of properties including loading,
chemical composition, size distribution, and shape. Depending on their interaction with
the incoming solar radiation, the aerosols can have a heating or cooling effect on Earth’s
climate. Scattering of light back towards space can lead to a cooling effect while the
absorption of light can lead to a heating of the atmosphere as well as a reduction in the
visible light teaching the planet’s surface [Crutzen and Andreae, 1990]. Furthermore,
long-wavelength infrared radiation emitted at the surface can be absorbed by various
aerosol species leading to positive radiative forcing. Aerosols can also have several
indirect effects on the interaction of light with the atmosphere. One of these indirect

effects is when aerosols act as cloud condensation nuclei (CCN), which can increase the



number concentration of droplets in clouds, thereby decreasing their size distribution,
leading to more scattering of shortwave radiation [Twomey, 1977]. A second indirect
effect arises from the decrease in cloud droplet size noted above (because the same
amount of water is divided between more droplets), resulting in a suppression of
precipitation and increasing the lifetime of clouds [Forster et al., 2007].

Aerosols can also have a so-called “semi-direct” effect on radiative forcing
caused by radiation-absorbing atmospheric particles. One such mechanism is when
aerosols aloft in the atmosphere absorb radiation and heat the surrounding air, which will
decrease the cpndensation of water and thus cloud formétion [Ackerman et al., 2000].
Another example is when the absorbing aerosols are near the surface, which can slow
atmospheric convection, resulting in more stable air masses. This results in less moisture

aloft and thus reducing the formation of clouds. [Koren et al., 2004].

1.2 Aerosol Sizes, Sources, and Removal Mechanisms

Aerosols typically range in size from a few nanometers (nm) to tens of
micrometers (um) in diameter. In the context of human health, those particles less than
2.5 ym in diameter are feferred to as “ﬁﬁe” and those greater than 2.5 pm in diameter as
“coarse” aerosols [Seinfeld and Pandis, 1998]. This is due to the fact that generally only
particles below 2.5 pm can have an impact on the respiratory system. However, in the
context of climate impacts and biogeochemical cycles the “cutoff” for the distinction in
size is generally 1 um. This cutoff at 1 um is due to the fact that aerosols larger than this
(1) scatter light more efficiently than smaller particles and (2) the removal from the

atmosphere of the larger particles via impaction and gravitational settling are more



effective. Aerosols are also recognized in terms of whether they are of anthropogenic or
natural origin. Aerosols can also be described based on whether they are emitted directly
(primary) or formed in the atmosphere via gas-to-particle reaction processes (secondary).
The above characteﬁstics are important, as they' will influence the chemical
characteristics as well as formation and removal mechanisms for the aerosol [Seinfeld

and Pandis, 1998].

The classification of an aerosol as fine or coarse is an important distinctioﬁ, as
each group generally varies by transformations in the atmosphere, removal mechanisms,
_chemical composition, optical properties and deposition patterns in the respiratory tract.
Within the fine-particle group, there are three sub-classifications: nucleation mode
particles (up to 10 nm in diameter), Aitken mode particles (10 to 100 nm in diameter) and
accumulation mode particles (100 nm to 1 pm in diameter). Nucleation mode particles
are formed from condensation of hot vapors during combustion processes and from the
nucleation of oxidation products of atmospheric trace gases to form fresh particles. These
particles are then generally removed via coagulation with larger particles. Accumulation
mode particles account for the largest portion of the aerosol surface area and a large
portion of the aerosol mass. The sources of aerosols in this size range generally originate
from coagulation of particles in the nucleation mode and from condensation of vapors
onto existing particles, driving those particles into the accumulation mode size range.
These particles in the accumulation mode are referred to as such because the removal
mechanisms for particles in this size range are relatively inefficient, which leads to
particles accumulating in this size range. Finally, coarse mode particles are formed via

mechanical processes and usually consist of anthropogenic and natural dust and sea salt



particles. However, particles in this size range have reasonably high sedimentation

velocities, causing them to fall out of the atmosphere in a short timeframe.

In addition to the size, aerosols can also be characterized based on the formation
mechanisms of the particles. Primary aerosols are emitted directly into the atmosphere
while secondary aerosols are formed via a gas-to-particle conversion process. The gas-to-

particle transformation is usually a result of oxidation by O3; or OH and NO; radicals.

Natural primary sources of éerosols provide a large flux of aerosols, and include
sea salt, mineral dust, volcanic ash, and biological debris. Anthropogenic sources of
primary aerosols are relatively small inputs to the aerosol flux and include industrial dust,
black carbon from combustion, énd organic aerosols from domestic and agricultural fires.
Natural secondary sources include the formation of sulfate aerosols from dimethyl sulfide
produced from marine sources and’.sulfates from volcanic emissions of sulfur dioxide
(80,). Biogenic volatile (;rganic compounds such as isoprene, monoterpenes and the
pinenes can also be oxidized and result in the formation of secondary organic aerosols.
Anthropogenic secondary sources of aerosols include fossil fuel burning, which results in
suifate and nitrate production from emitted SO, and nitrogen oxides (NOx = NO + NO,),

respectively. These sources become especially important in urban regions.

* a

1.3 Heterogeneous Reactions
In addition to the above-mentioned phenomena, the study of aerosols is an
important area of research due to their impact on the chemical processes of the

atmosphere. Heterogeneous reactions are reactions that take place between particle- and



gas-phase constituents, and these reactions can have a large impact on urban ozone
formation, total reactivity of the atmosphere, and the formation of secondary aerosols. In
particular, aerosols serve as a reaction surface on which chemical reactions involving
atmospheric constituents can take place. These reactions are impacted by a number of
factors, including the aerosols’ liquid water content (LWC), aerosol composition, aerosol
pH and particle density. Of particular interest in this work are heterogeneous reactions

involving halogens, chlorine in particular, which is the subject of the next chapter.



CHAPTER 2

Heterogeneous Halogen Chemistry

2.1 Introduction

Chemical reactions involving inorganic halogens significantly influence the
composition of the Earth’s atmosphere. The importance of these reactions was first
‘recognized in connection with stratospheric ozone loss [e.g., Molina and Rowland, 1974],
especially within the polar vortices during spring [e.g., Wennberg et al., 1994]. In the
troposphere, the multiphase processing of reactive halogens significantly modifies
conventional HO,/NOy photochemistry over Arctic and Antarctic sea ice [Foster et al.,
2001; Simpson et al., 2007], salt flats [Matveev et al., 2001], coastal-marine macroalgal
beds [Alicke et al., 1999], coastal cities [Osthoff et al., 2008; Riedel et al., 2012], other
polluted coastal regions [Finley and Saltzman, 2006; Pszenny et al., 2007; Pecht! and von
Glasow, 2067], and the open ocean [Read et al., 2008; Keene et al., 2009]. Model
calculations based on observations suggest that the multiphase photochemical cycling of
reactive halogens from marine sources is globally significant in terms of the processing
and lifetimes of climatically and ecologically important species including O3, oxidized S
and N compounds, CH4, and reactive Hg [e.g., von Glasow et al., 2002a,b; Platt et al.,

2004; Read et al., 2008; Lawler et al., 2009].

Halogen chemistry also influences the acidity of aerosols, particularly in marine
regions, via the phase partitioning of HCl. Rates of important aqueous chemical

- transformations including sulfur oxidation and halogen “activation”, as well as the phase



partitioning and associated atmospheric lifetimes of major atmospheric acids and bases
are all strongly pH dependent [Keene et al., 1998]. Aerosol acidity has been investigated
in urban [e.g., Ludwig and Klemm, 1990] and rural [e.g., Tanner and Harrison, 1992]
continental locations, in near-surface marine air [e.g., Keene et dl., 2002], and in the’
context of public health [e.g., Gwynn et al., 2000]. However, persistent uncertainties in
this fundamental property of multiphase systems limit the ability to assess important
chemical pathways vinﬂuenc»ing Earth systems including climate [e;g., Laskin et al., 2003;
Keene and Pszenny, 2004; Sander ét al., 2004; and references therein].

Halogen-radical chemistry had been thought to be relatively unimportant in
~ continental air remote from marine sources of halogenated precursors. However, recent
measurements of CINO;, N>Os, and associated species and meteorological conditions
near Boulder, CO in winter coupled with model calculations suggest that nocturnal
reactions involving anthropogenic precursors in polluted continental air represent a
previously unrecognized and potentially important source for atomic Cl as well as a
recycling mechanism for NO; with important implications for oxidation processes and
the physicochemical evolution of the troposphere [Thornton et al., 2010; von Glasow,
2010]. Subsequent measurements at other mid-continental locations support the
hypothesis that these reactions are globally significant [Mielke et al., 2011; Phillips et al.-,

2012].

2.2 Halogen Chemistry and Ozone Formation

Because photochemical reactions involving NOy (NO + NO;) are the dominant

pathways by which ozone is formed in the troposphere, a reliable predictive capability for



oxidation processes requires explicit evaluation of NO, cycling. At night, the reactions

NOyg) + O3(g) 2 NOs(g) + Oz ¢))
and
NOs(g) + NOxg) €>N2Os(g) 2

produce N,Os, which serves as a reservoir species for NOy. The subsequent photolysis of
N,Os following sunrise regenerates the NOy from which it was formed. However N,Os
also reacts at the surface of aerosols to produce HNO3, NO;™, and CINO; via [Finlayson-

Pitts et al., 1989, Behnke et al., 1997]

N205(g) + HzO(aq) 9 2 HNO3(aq) . (3)
and
N2Os(g) + Cl (aq) > CINOyg) + NO3 (g 4)

Most atmospheric models consider only reaction 3 and predict that this pathway accounts
for 30% to 50% of the total NOy sink in polluted regions [Alexander et al., 2009].
Measurements in polluted continental air during winter in Colorado, USA [Thornton et
al.,, 2010] and Alberta, Canada [Mielke et al., 2011] revealed peak CINO, mixing ratios
of 450 énd 250 pmol mol™, respectively. More recent measurements in rural south-
western Germany during summer detected CINO; up to 800 pmol mol™ [Phillips ét al.,
2012]. Although somewhat lower on average, these ranges in mixing ratios overlap those
for CINO; measured in the polluted coastal air over Houston, Texas (from below <50 to

>1 nmol mol™) [Osthoff et al., 2008] and have potentially important implications for



oxidation processes in polluted continental air. However, the pathway(s) by which CINO,
is produced in continental air and the overall impacts of subsequent transformations on
other atmospheric constituents are poorly constrained because previous investigations in
the continental troposphere did not characterize aerosol composition for size fractions

greater than ~1 pm diameter or HC1 vapor.

Additionally, previous investigations of CINO, production and processing in
polluted coastal [Osthoff et al., 2008] and continental air [Thornton et al., 2010] did not
evaluate halogen-radical recycling via gas-phase and multiphase pathways or the
associated implications for physicochemical eﬂzolution [e.g., Sander et al., 1999; Pszenny
et al., 2004; Keene et al., 2009]. Consequently, they may have underestimated the overall
influences of halogen activation via reaction 4. For example, in addition to oxidizing

hydrocarbons, some atomic Cl reacts with O3 and recycles in the gas phase during the

daytime via:
Clig + Ose = ClOg) + Oz &)
ClO¢) + HOxg) > HOCl(g) + Oxg) | (6)
HOCl(y + hv > OHy, + Cly | %)

Similar reactions destroy Oj; in the stratosphere. ClO is also consumed by

ClO) + NOg) 2 Clg) + NOyg ®)
and
ClO() + NOzg) > CINOs) | ©)



which, at high NOx, suppresses atomic Cl recycling via reactions 5 through 7. Reaction 8
recycles atomic Cl without destroying NOy but model calculations indicate that the
formation of CINO; via reaction 9 and its subsequent hydrolysis at aerosol surfaces

(primarily those of sub-um diameter size fractions) via:
CINOj(g) + H2O(aq) 2 HOCl(zg) + HNO3(aq) (10)

is a major sink for NO4 and an important source for HOCI in both polluted and clean
marine air [Sander et al., 1999; Pszenny et al., 2004; Keene et al., 2009]. By extension,
this pathway may also be important in polluted coastal and continental air. If so, reaction
10 would diminish both the net recycling of NOx and the associated O3 production
relative to that based on photolysis of CINO; alone. Some HOCI produced via reactions 6

and 10 is scavenged by acidic aerosols leading to additional halogen activation via:

Product Cl, subsequently voiatilizes and, during daytime, photolyzes, yielding additional
atomic Cl. Reaction 11 wﬂl proceed during both the day and night and therefore can
enhance halogen activation at night and sustain halogen-radical chemistry for longer
periods during daytime relative to predictions based on only CINO;, photolysis and the
assumption that all Cl reacts with hydrocarbons (i.e., as simulated by Osthoff et al.,

[2008] and Thornton et al., [2010]).

The formation of CINO; can impact oxidation processes in the troposphere in two
important respects: (1) As noted above, it acts as a nocturnal reservoir for NO, thereby

slowing NOy destruction via reaction 3 and (2) it rapidly photolyzes following sunrise to

10



form atomic Cl. Cl reacts with alkanes about 10-100 times faster than OH radicals and
the product alkoxy radicals contribute to oxidation potential (the ability of the atmosphere
to “cleanse” itself of pollutant species such as VOCs). These two aspects of CINO,
chemistry lead to a net increase in O3 formation in the polluted troposphere. In addition,
Cl radical production via CINO, photolysis peaks in the early morning, well before the
peak in OH production, which initiates volatile organic carbon (VOC)-NO«
photochemistry earlier in the day relative to conventional HO,/NOy photochemistry (e.g.,

Behnke et al., [1997]; Osthoff et al., [2008]).

Key outstanding uncertainties involving the size-resolved composition (including
acidity) and hydration state of aerosols and of HCl mixing ratios limit current
understanding of the factors that regulate CINO, formation and constrain the reliability of
spatial and temporal extrapolation of results. This thesis will focus on data and results
from the Nitrogen, Aerosol Composition, and Halogens on a Tall Tower (NACHTT)
campaign in Erie, Colorado investigating halogen reactivity and recycling and the
impacts on aerosol composition and pH in the continental troposphere. These data are
interpreted to assess aerosol pH and associated multiphase chemical processes that

influence CINO; production and processing in the polluted continental troposphere.
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CHAPTER 3

Methods

3.1 Sampling Site

Between 18 February and 12 March 2011, a comprehensive suite of chemical
species was measured at the National Oceanic and Atmospheric Administration NOAA)
Boulder Atmospheric Observatory (BAQO) tower near Erie, CO (40.05 N, 105.01 W, and.
1584 m  elevation, Fig. 1) as part of the NACHTT -campaign
(http://www.esrl.noaa.gov/csd/tropchem/201>1NACHTT). Unless otherwise specified,
_ data reported herein correspond to air sampled from a platform on the BAO tower at 22
m above ground level (AGL). Additional measurements (including CINO,, aerosol
composition, and meteorological conditions) were also characterized in parallel from a
mobile instrument carriage on the tower that travelled from grduﬁd level to 250 m AGL
[Brown et al., manuscript in preparation]. To minimize the potential for contamination,
aerosol sampling was suspended during periods of precipitation and both gas and aerosol

sampling were suspended during periods of carriage maintenance.
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Figure 1. Location of the NOAA BAO tower in Erie, CO (diamond) and 5 day HYSPLIT
back trajectories ending at the midpoint of each impactor sampling period. Markers on
trajectories depict 24-h intervals. Additional trajectories are shown in Appendix IL

3.2. Measurements
3.2.1. Aerosols

| Ambient aerosols were sampled over forty-five daytime (sunrise to sunset) and
nighttime (sunset to sunrise) intervals with two different systemé. Size-segregated
aerosols were sampled with a MSP Corp. model 130 hi-flow (100 L min™) cascade .
impactor configured with a custom designed and fabricated inlet nozzle and Liu-Pui type
inlet assembly [Liu et al., 1983]. All air volumes reported herein are normalized to
standard temperature énd pressure (0°C, 1 atm). The calculated passing efficiency for 20-

um-diameter particles through the inlet was 95%. Relative to MSP’s Micro-Orifice

13



Uniform Deposit Impactor (MOUDI) [Marple et al., 1991] that is in more widespread use
by the research community, these hi-flow impactors yield greater signal per unit
deployment time while segregating aerosol size fractions using similar nozzle
technology. The 50% aerodynamic diameter cut sizes for the modified impactor were
0.25, 0.44, 0.80, 1.4, 2.5, 5.0, 10, and 20 pm. The impactor was configured with 75-mm-
diameter polycarbonate substrates (Whatman 111107) and 90-mm-diameter quartz fiber
backup filters (Pallflex 2500 QAT-UP). Bulk aerosol was sampled in parallel on 20 x 25
cm Whatman 41 cellulose filters at an average flow rate of 1.3 m® min™'. The Whatman
41 filters were pre-washed with deinonized water (DIW). Impactors and bulk filter
cassettes were cleaned, dried, and loaded in a Class 100 clean bench with activated
charcoal scrubbers mounted on the inlet to remove reactive trace gases. Blanks were
generated by deploying 1oaded impactors and bulk filter cassettes on the platform, briefly
exposing to ambient air (~15 sec), recovering, and processing using identical procedures
as those for samples. After recovery, exposed impaction substrates, back filters, and bulk
filters were folded in half, sealed in polyethylene bags, and stored frozen prior to
analysis.

Samples and blanks were transported to and analyzed at the University of Virginia
(UVA). Each impaction» substrate and back filter was extracted under sonication in 8.0 ml .
DIW and a quarter section of each bulk filter was extracted in 16 ml DIW. Major ions
(including SO,*, CI', Br, NOsy, NOy, HCCO‘, CH;COO", (CO0),”, NH,*, Na*, K*,
Mg?*, and Ca’") were analyzed by high-performance ion chromatography (IC) using
procedures similar to those described by Keene et al. [2009]. Data for samples were

corrected based on median concentrations of analytes recovered from handling blanks

14



(N=10). Quarter sections of each high-volume bulk filter were shipped frozen to the
University of New Hampshire (UNH) to prepare for neutron activation analysis (NAA) of
elemental constituents (described below).

High-volume bulk filters were analyzed by NAA using a procedure similar to that
described by Uematsu et al., [1983]. A 47-mm diameter circle was punched from each
high-volume sample and field blank using a stainless steel cutting die. Standards were
prepared by spotting aliquots of a NIST-traceable mixed element standard solution (Ultra
Scientific, North Kingstown, RI) on blank filters. Standards, samples, and field blanks
were each spiked with 20 ng of indium (as an aliquot of a NIST-traceable standard
solution; Ultra Scientific) as internal flux monitor, sealed in a clean polyethylene
envelope and subsequently irradiated at the Rhode Island Nuclear Science Center for 300
seconds at a nominal flux of 4 x 10" thermal neutrons cm™ s”'. Following irradiation,
samples were allowed to decay for approximately 5 minutes during which time they were
transferred to unixfadiated envelopes, and counted for 900 s live time on a Ge(Li)
gamma-ray spectrometer. Data were obtained for seven eléments: Na, Mg, Al, C], Mn, V
and Br. All laboratory manipulations of cassettes and filters prior to irradiation were

carried out in class 100 clean benches.

3.2.2. Soluble Reactive Trace Gases

Unmodified air was drawn at 1.2 m® min™ from the level of the aerosol samplers
on the tower through a 10.2-cm-diameter polyvinyl chloride plenum that was passivated
prior to installation [Russell et al., 2003]. Prior to the experiment, passing efficiencies

through the plenum for analyte gases in ambient air were measured at UVA and found to
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be statistically indistinguishable from 100%. Air was subsampled from the bottom of the
plenum at approximately 16 L min™ through a size-fractionating inlet that inertially
removed super-pm-diameter aerosols from sample air [e.g., Keene et al., 1993; Munger et
al., 1995]. Sub-um aerosols were removed downstream with an in-line Teflon filter
(Zefluor 2 pm pore diameter). Water-soluble, volatile inorganic chloride and nitrate
(dominated by and hereafter referred to as HCl and HNOs;, respectively), NH3;, HONO,
HCOOH, and CH3COOH in the particle-free air stream were sampled over 2-hour
intervals at nominal flow rates of 20 L min™ with tandem mist chambers, each of which
contained 20 mL. DIW, following procedures similar to those described by Keerne et al.
[2009]. Blanks were generated periodically (approximately twice daily) by loading the
mist chamber, briefly (10 seconds) drawing sample air through the system, and
recovering the solutions. Samples and blanks were processed and analyzed using
identical procedures. Data for samples were corrected based on these handling blanks.
CI', NO;, NH4",NO;", HCOO", and CH;COO™ in exposed mist solutions were analyzed
on site by IC usuélly within an hour after recovery. |

Performance of the tandem mist chamber technique for measurement of HCI,
HNO;, NH;, HCOOH, and CH3COOH has been critically evaluated and indicates that
this approach yields representative results for these analytes [see Keene et al., 2004, and
references therein]. Althéugh a previous intercomparison of HONO measured by this
technique and by long-path differential optical absorption spectroscopy (DOAS)
suggested reasonable agreement [Keene et al., 2006], mixing ratios reported herein are
considerg:d semi-quantitative (because of relatively limited testing) and upper limits

(based on published evidence that HONO may be produced via artifact reactions [e.g.,
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Zhou et al., 2002]). Detection limits for HCI (0.023 nmol mol ™), HNO; (0.045 nmol
mol™), NH; (1.4 nmol mol™), HONO (0.032 nmol mol™), HCOOH (0.46 nmol mol™),

and CH;COOH (0.58 nmol mol ™) were estimated following Keene et al. [1989].

3.2.3. Meteorological Conditions and Large-Scale Atmospheric Transport

Wind direction, wind speed, air temperature, and relative humidity (RH) were
measured continupusly by NOAA/ESRL instruments deployed at 10 m and 100 m AGL
on the NOAA tower (Fig. 2 panels a and b; additional detail available at
http://www.esrl.noaa.gov/psd/technology/bao/). Conditions at the level of the sampler
intakes (22 m AGL) that are plotted in Figure 2 were based on linear interpolation
between these two measurement heights. Five-day air mass back trajectories ending at 22
m AGL were calculated for one to four times during each impactor sampling interval
using the NOAA Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT)

model (Fig. 1) [Draxler and Rolph, 2012].
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Figure 2. Time series of (a) temperature (red) and RH (blue); (b) Wind direction (blue)
and wind speed (red); (c) aerosol LWC; (d) HCI (black trace), particulate Cl based on
bulk aerosol (purple bars), and CINO, within +5 m of the platform (green trace); (e)
HNO3 (black trace) and NO3 summed over impactor size bins (blue bars); and (f) NH;
(black trace) and particulate NH4" summed over impactor size bins (orange bars). CI,
NOj, and NH4  are plotted in units of equivalent nmol mol™ to facilitate direct
quantitative comparison with the corresponding gas-phase mixing ratios. The shaded
background intervals depict nighttime (sunset to sunrise).
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3.3. Calculations

3.3.1. Aerosol pH Inferred From Measured Phase Partitioning
Equilibrium hydrogen ion concentrations for individual aerosol size fractions

were calculated based on the measured phasé partitioning and associated thermodynamic

properties of compounds With pH-dependenf solubility (HC1, HNOs, NH3) following the

approach of Keene and Savoie [1998]. Briefly, using HNO; as an example, the

equilibrium

HNO; (g) €= [HNO; (aq)] €= [H'] +[NO;7]

was evaluated on the basis of simultaneous measurements of gas-phase HNO; mixing
ratios averaged over the aerosol sampling interval, size-resolved particulate NO3~
concentrations in éir, temperature-adjusted Henry’s Law (Kg) and acidity (K,) constants
for HNOs (Table 1), aerosol LWC (liquid water content), and NO;™ activity coefficients.
The rationale for selecting among reported Henry’s Law constants is discussed below.
LWCs and activity coefficients were estimated using the Extended Aerosol
Thermodynamic Model (E-AIM, [Friese and E@el, 2010]) parameterized based on the
measured chemical composition and the corresponding relative humidity (RH) and

temperature averaged over each aerosol sampling interval [Engelhart et al., 2011].
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Table 1. Henry’s Law (Ky) and Ionization Constants for Acids (K,), NH; (K3), and Water (Kw)

Species Ky, M atm’ K, or Ky,, M

HCl 1.1 x 10% exp [2300(1/T — 1/298)]? 1.7 x 10° exp [6896(1/T — 1/298)]°
HNO; 2.46 x 10%exp [8700(1/T — 1/298)1° 1.5 x 10" exp [8700(1/T — 1/298)]°
NH; 6.1 x 10" exp [4300(1/T — 1/298)]° 1.7 x 107 exp [-4325(1/T - 1/298)]°
H,0O - 1.0 x 10" exp [-6870(1/T — 1/298)]°

®Marsh and McElroy [1985]
®Clegg and Brimblecombe [1989]
‘Schwartz and White [1981]
dChameides [1984]

*Bandura and Lvov [2006]

E-AIM Model IV, which considers a multiphase system with aerosols comprised
of S04, NOs~, CI', NH,", Na*, H', and H,0, was employed to estimate LWCs and
bactivity coefficients for all samples for which the model yielded an aqueous phase
(generally at RHs greater than about 60%). At lower RHs, Model IV is unstable [S.L.
Clegg, University of East Anglia, pérsonal communication, 2012]. In these cases, Model
II was employed, which considers all of the above constituents except Cl~ and Na".
Because Cl is nét considered in Model II, CI” activity coefficients under low RH
conditions were based on Model IV at the lowest RH that yielded an aqueous phase. E-
AIM requires initialization with input data that are charge balanced (i.e., sum of anions
must equal sum of cations on an equivalent basis). Because (1) the model does not
consider all ionic constituents associated with aerosols and (2) all aﬂalytical data are
subject to random measurement error, the measured subset of constituents with which the
model was initialized were not exactly charge balanced for any sample. The following
procedure was employed to adjust the measured ionic composition for implementation in
the model. Cation deficits (where a sample had a lower amounts of measured cations than

anions) were balanced by adding equivalents of H'. Anion deficits (measured sample had
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lower amounts of measured anions that cations) were balanced by increasing the
equivalents of measured anions in proportion to their relative concentrations in ambient
air. Because the ionic compositions of virtually all samples were dominated by NO;,
SO, and NH,", the adjustments required to balance charges were generally small and,
based on sensitivity runs (described below), had minor to negligible influences on

resulting aerosol acidities.

3.3.2 Uncertainties in Estimated pH

Potential sources of error involving the approach described in Section 3.3.1
include: Measurement uncertainties, variability in composition and averaging over long
sampling times, the reliability of aerosol LWCs and activity coefficients estimated by E-
AIM parameterized as described above, uncertainties in the temperature-adjusted Henry’s
Law and dissociation constants, and the assumption that the multiphase system was at
thermodynamic equilibrium [e.g., Keene and Savoie, 1998, 1999; Keene et al., 2002;
2004; Pszenny et al., 2004]. The.sensitivity of results to several of these factors was
evaluated explicitly. In addition to aerosol pH calculated based on the mixing ratios of
gases averaged over each aerosol sampling interval, pH was also calculated based on the
corresponding maximum and minimum values over each interval. Sensitivity of pH to
variability in temperature and RH was evaluated over a range of +25% for each. The
sensitivity of results to the approach employed to charge balance the input data for E-
AIM was evaluated by increasing NH," (rather than adding H") to account for cation
deficits and by increasing only the anion present at the highest concentration (rather than

all anions in proportion to their relative concentrations) to account for anion deficits.
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Finally, aerosol pHs were calculated over a range of published Henry’s Law constants for
HCL. In this regard, we note that published Henry Law constants for IfNO3 and NHj fall
within relatively narrow ranges (2.3 x 10* to 2.6 x 10° M atm™ and 1.0 x 10" to 7.8 x 10’
M atm™, respectively) whereas those for HCI vary over a much greater range (1.1 x 10° to
2.5 x 10° M atm™) [e.g., see R. Sander, Compilation of Henry’s law constants for
inorganic and organic species of potential importance in environmental chemistry,
_ version 3, http://www.henrys-law.org, 1999, hereafter referred to as R. Sander,

unpublished data, 1999].

The large variability in Kys for HCl may reflect the fact that HCl is a very strong
acid and thus the undissociated fraction (i.e., the numerator in Ky) is difficult to quantify
reliably. pHs inferred from the phase partitioning of HNO; and NH; based on the. most
commonly used Kys (Table 1) provide useful constraints for evaluating pH values
inferred from HCI over the range of reported Henry’s Law constants. The reported values
of Ky for HNO; and NH3 were thoroughly evaluated by Clegg and Brimblecombe [1989]
and result in size-resolved median calculated pHs that are very close in value (discussed
below). The Ky value for NH; has‘been well established, and has been largely unchanged
through several different studies and evaluations [e.g. Clegg and Brimblecombe, 1989;

Chameides, 1984; and Sander, et al., 2011].
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CHAPTER 4

Results and Discussion

4.1 Chemical and Meteorological Characteristics
4.1.1 Meteorological Characteristics

During NACHTT sampling from 18 February to 12 March 2011, the median wind
speed was 2.9 m s and generally remained below 7 m s™ during the campaign with only
occasional spikes above 10 m s™'. Median wind direction was 162° (SSE), but was highly
variable over the campaign. Highest wind speeds were associated pﬁmarily with flow
from the WNW. Back trajectories suggest that the sampled air masses were primarily -
influenced by conditions to the west and southwest of the sampling site, with the most
~prevalent flow over the far southwestern U.S. and northern Gulf of California or over
northern Ca‘lifomia and the eastern North Pacific Ocean (Fig. 1). See Brown et al.
[manuscript in preparation] for additional details regarding meteorological conditions and

large-scale atmospheric flow during the campaign.

4.1.2 Aerosol Size Distributions

Although detectable in all size fractions, soluble CI” and Na* were both associated
primarily with super-um-diameter aerosol size fractiéns (Fig. 3a). In addition, virtually
all particulate C1 was in the form of CI”, which was highly correlated with Na* [Pszenny
et al., manuscript in preparation]. These relationships suggest that soluble CI” and Na*

originated from a similar primary source or sources. In contrast, most NO;™, NH,", and
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SO~ were associated with the sub-um-diafneter size fractions suggesting these
particulate-phase species originated primarily from gas-phase precursors (Fig. 3b).
Assuming that all Na* was produced in association with marine aerosol, virtually all
'SO42~ (97% based on median values summed over all size fractions and 88% based on
median values summed over super-um size fractions) originated from non-sea-salt

SOurces.

NO;~, NH4", and SOf‘ summed over the impactor size bins agreed well with
concentrations in paired samples of bulk aerosol (not shown); slopes for Reduced Major
Axis (RMA) regressions were 1.11, 0.86 and 0.96, respectively. The corresponding
correlation coefficients (expressed as r’) were 0.91, 0.93. and 0.98, réspectively. Because
these analytes (1) were associated primarily with sub-pm aerosols (Fig. 3b), and (2) SO4*
is conservative with respect to mixing chemically distinct aerosols, the good agreemeni in
paired data, particularly for SO,”, indicates that the impactor sampled sub-pm size

fractions quantitatively.

In contrast, RMA regressions of Cl~ and Na' sampled with the impactor versus
bulk sampler exhibited lower slopes (0.61 and 0.64 respectively) and greater scatter (r* of
0.82 and 0.80, respectively). Because (1) these analytes were associated primarily with
super-ym aefosols (Fig. 3a), (2) Na" is conservative with respect to mixing chemically
distinct aerosols, and (3) available evidence summarized above indicates that sub-um size
fractions were sampled quantitatively by the impactor, these relationships imply that
larger size fractions were sampléd at lower efficiencies by the impactor relative to the
bulk sampler. It is likely that the slower flow rate through the impactor’s inlet (0.1 m’

min™) relative to the bulk sampler’s (~1.3 m’ min") resulted in greater wind- or
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turbulence-induced, inertial segregation of larger particles at the impactor’s inlet resulting
in lower and somewhat more variable sampling efficiencies for the larger size fractions.
The calculated passing efficiencies under quiescent conditions did not explicitly evaluate
such effects. Consequently, concentrations of analytes associated with super-um size

fractions are considered lower limits.

In addition, compounds with pH dependent solubilities such as HCI, HNOQOs, and
- NH; are subject to artifact phase changes when chemically distinct aerosol size fractions
are sampled in bulk beéause the pH of the bulk mixture may diverge significantly from
that of the size fractions with which individual gases preferentially partition. For
example, in marine air, most particulate Cl” and NO;™ are typically associated with supér-
um size fractions whereas most NH," is associated with sub-pm éize fractions because,
on average, larger marine aerosol size fractions are less acidic than smaller size fractions
[e.g., Keene et al., 2004; Keene et al., 2009]. When sampled in bulk, volatile losses may
cause negative bias in analyte concentrations. The generally good agreement between
slopes for conservative (SO4”) and non-conservative species (NO;~ and NH,4") associated
primarily with sub-pm size fractions and for conservative and non-conservative species
(Na* and le; respectively) associated primarily with super-pum sizle fractions indicates
that the lower slopes for regressions of summed versus bulk Na' and CI™ are driven
primarily by physical rather than chemical processes, as argued above. Unlike -the
situation in most marine regions, aerosol pH during NACHTT was relatively similar

across the aerosol size distribution (discussed in detail below).
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Figure 3b

Figure 3. Box and whisker plots depicting the 10", 25®, 50" 75" and 90 percentiles of
size-resolved particulate (a) Na* (left box and whisker for each size fraction, black) and
CI” (right box, purple) and (b) NO;~ (left box, blue), SO4*~ (middle box, red), and NH;"
(right box, orange) vs ambient geometric mean diameter (GMD).
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4.1.3 Sources and Phase Partitioning of HCl, HNQO3, and NH;

The production of marine aerosol via wind-waves at the ocean surface is the
dominant global source for particulate CI™ in the troposphere; volatilization from primary
marine aerosols via acid displacement reactions is the largest global source for HCl
[Keene et al., 1999]. Other important sources for total Cl (particulate CI” + HCI) include
emission of particulate CI” in association with crustal aerosols and emission of HCI
during coal combustion, waste incineration, biomass burning, and evaporation of HCl
from cooling towers at power plénts. [Graedel and Keene, .1 995; Keene et al., 1999].

Large-scale atmospheric flow during the»NACHTT campaign was predominantly
from the west/southwest and transport times ovér land typically ranged from 2 to more
than 5 days (Fig. 1). Although variable, the mean mass weighted lifetime of marine
aerosol against deposition is of roughly similar duration (on the order of 1.5 to 2 days
[Erickson et al., 1999]). These times coupled with evidence for pfoduption via a
mechanical process (discussed above) suggests that the long distance transport of marine
aerosol from the eastern North Pacific Ocean may have contributed to particulate CI”
(and its HC1 displac.er.nent product) measured during th§ campaigﬁ. Observations of playa
salts at altitude over Wyoming during November, 2007 [Prdtt et al., 2010] suggest that
additional contributions from land surface sources may have been possible. Much of the
land surface of the Great Basin is characterized by saline endorheic lakes (e.g., Great Salt
Lake), playas (also known as dry lakes; e.g., Reynolds et al., [2007]), and remnant
deposits from pluvial lakes (e.g., Bonneville Salt Flats; e.g., Currey [1990]). A proximate
source from road salt is also plausible, although only trace snowfalls occurred during the

campaign and no active salting was observed to occur nearby. Sources of particulate CI
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and Na' during NACHTT are discussed further by Pszenny et al. [manuscript in
preparation].

In polluted regions, the combustion of fossil fuels and biomass is the dominant
source for tropospheric NOy, which is the primary precursor for HNO; and particulate
NO;™. Direct emissions of NH; from agricultural activities (including animal waste and
fertilized soils) and biomass burning are the primary sources for NH; and particulate
NH,"; direct emissions of NH; from vegetation are also important during summer
[Bouwman et al., 1997]. NHj3 emissions from non-combustion sources are temperature
dependent and thus vary seasonally and typically peak during daytime [Gilliland et al.,

2003].

Near-surface measurements of HCI [Grqedel and Keene, 1995; Keene et al.,
2007; and references therein], HNOs [Fischer et al., 2006}, and NHj [Smith et al., 2007]
in polluted regions often reveal higher mixing ratios during daytime. The diel cycles and
associated covariablity in HCl and HNO; (e.g., Fig. 2 d and ¢) weré driven in part by
photochemical production of atmospheric acids during daytime that increased
acidification of the multiphase systém and drove HCI and HNO; phase partitioning
towards the gas phase. The diel cycle in NH; during some intervals (Fig. 2f) was
probably driveh in part by the temperature dependence of proximate emissions sources.
In addition, nocturnal inversions that isolate near-surface air from the deeper mixed later
may contribute to depletion of HCl, HNO3, and NH; in surface layers via dry deposition
at night. Diel variability was not consistent day-to-day, and can depend on a variety of
factors such as meteorology, transport, etc. Warming and associated vertical mixing

following sunrise contribute to rising mixing ratios in the morning and associated diel
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variability measured in near-surface air. During the NACHTT campaign, HCl and HNO;
_partitioned primarily in the particulate phase during most sampling intervals whereas
NHj partitioning was primarily in the gas phase. HNO; mixing ratios were in the range of

previous measurements near Boulder [Huey et al., 1998].

4.2 Aerosol pH

All aerosol size fractions were acidic throughout the campéign (Fig. 4) and pHs
inferred from HNOs; and NHj partitioning agreed reasonably well, both in terms of
absolute values and the overall pattern of increasing pH with increasing particle size (Fig.
5). Paired Iﬁeasurements of HCOOH and CH;COOH phase partitioning (not shown)
revealed particulate concentrations in all size fractions that were near or below analytical
detection limits, which is consistent with the expectations based on the phase partitioning
of these species with acidic aerosol [Keene and Pszenny, 2004]. The median difference in
pHs inferred from HNO; and NH3 was 0.2 pH units across all size fractions. Median pHs
inferred from HNO; for the two largest size fractions (ambient geometric mean
diameters, GMDs, of 28 and 14 um) were less than those inferred from NH; by 0.1 and
0.2 pH units, respectively. The difference in median pHs for GMD 5-pum size fraction
based on the fwo gas-aerosol couples were negligible. Corresponding difference§ for the

smaller size fractions ranged from 0.2 to 0.5 pH unit.
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Figure 4. Aerosol pH based on HNOj; phase partitioning in GMD 14 um (black circles)
and 0.58 pm (blue triangles).

The good agreement between pHs inferred from HNO; and NHj partitioning
suggests that these results are reasonably representative and, thereby, provide useful
context for evaluating pHs inferred from HCI partitioning over the range of reported
Henry’s Law constants. pHs based on the HCI Ky from Marsh and McElroy [1985] are
systematically higher than those inferred from HNO; and NH; (Fig. 5). The applicable
temperature range for the HCl Ky from Marsh and McElroy [1985] is 0° < T < 50° C,
and average temperatures during the majority of impactor sampling intervals fell within
this range. 'The pH calculations based on HCI display a similar overall trend in pH across
all size fractions, with a small decrease from 0.18 um to 0.34 um and then an increase in
pH from 0.34 to 14 um, with a small decrease in the highest size fraction. However, as
opposed to the difference in pH baséd on HNO; and NH; partitioning, the values based
on HCI showed larger divergence in medians for the two largest sjze fractions (a

difference of 1.7 to 1.9 pH units).
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Figure 5. Box and whisker plots depicting the 10, 25®, 50, 75® and 90™ percentiles of
size-resolved aerosol pH based on HNOj3; (middle box and whisker for each size fraction,
blue), NH; (right box and whisker, orange), and HCl (HCl Ky based on Marsh and
McElroy [1985] (left box and whisker, purple) vs ambient geometric mean diameter
(GMD).

4.3 Sensitivity Calculations

The sensitivities of pHs inferred from the partition of HCl, HNO;, and NHj to
variability in major input paraméters were evaluated as described in Chapter 3 with the
results presented here. The parameters tested include: temperature, RH, concentrations of
particulate-phase ions, approach for forcing ion balance (as described previously), and
mixing ratios of gases. While it is not possible to unequivocally evaluate influences of
changes in phase state (e.g., possible efflorescence at low RHs), the fact that systematic

divergence in pHs based on the partitioning of HCI versus HNO; and NHj3 was evident
| for all size fractions over the entire range in RH implies that variability in phase state is

probably not the primary explanation for these differences. Results were calculated for
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four individual samples, two representing both high-RH conditions (86% and 78% RH)
that were evaluated using E-AIM Model IV and two representing low-RH conditions
(16% and 27%) that were evaluated using both E-AIM Model II and Model IV. The
following summarizes results based on all three gas-aerosol couples. Relative variability
in pH over the range of sensitivity evaluations represents the combined responses for all

three sets of calculations.

Temperature influences activity coefficients, aerosol LWC, and density that were
modeled by E-AIM as well as the Henry’s Law and dissociation constants. To assess the
potential influence of temperature variation on calculated pHs, the temperatures used in
the calculations were increased and decreased by 25% relative to the average temperature |
over the sampling interval. pHs inferred over this temperature range generally varied by
less than 0.25 pH unit. Highef temperature increased and lower temperature decreased the

calculated pH.

RH impacts modeled aerosol LWC, particle density, and activity coefficients, and
was similarly varied over a range of +25% over each sampling interval, up to 100% RH.
The relationship between RH and aerosol pH was in contrast to that for temperature; an
increase in RH yielded lower solution pH. Similar relationships were reported by von
Glasow and Sander [2001]. Briefly, the shift in equilibrium dissolution of HCl in aerosol
liquid water with increasing RH exceeds the corresponding dilution factor and,
consequently, for a given set of conditions, aerosol pH decreases with increasing RH.
Relative to those at low RH, the pH of aerosols at higher RH were more sensitive to
variability in RH. For the higher RH samples, +25% variability resulted in pH changes of

1 to 2 units whereas, in the lower RH samples, a similar variability in RH yielded
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changes of pH of only about 0.2 unit.

Particulate-phase concentrations of each analyte were adjusted individually by
+25% of the measured value and the E-AIM calculations were re-run for each sample and
each analyte adjustment. The resulting changes in calculated pH were less than 0.6 pH
unit with the largest difference associated with the smallest aerosol size fractions. pHs for
the low-RH samples were relatively more sensitive to variability in ionic composition;

pHs for the high-RH samples varied by less than 0.1 pH unit.

Forcing ion balance impacts both aerosol LWC and the calculated activity
coefficients. To test the éensitivity of the pH approach to ion balancing, cation deficits
were adjusted by increasing NH4" rather than H' and anion deficits were adjusted by
increasing only the anion present at the highest concentration rather than all anions in
proportion to their relative concentrations. For most samples, NO;~ was the anion present
at the highest concentration. For the high-RH samples, pH was insensitiv¢ (difference of
less than 0.15 unit across the full size distribution) to the ion-balancing approach but, for
the low-RH samples, results were relatively more sénsitiye. Differences for sub-um size
fractions varied from negligible to 1.2 pH units. For siée fractions greater than GMD 1.8
um, which contained» relatively little NH,4" and NOs™, differences ranged from 0.05 to 2.4

pH units.

Finally, pH was inferred from the maximum and minimum mixing ratio for the
three gases measured over the corresponding aerosol sampling interval. The greatest

~ change in aerosol pH was 0.6 pH unit.

The above results suggest that analytical errors, variability in the major analytes
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and meteorological conditions over sampling intervals, and the ion balancing approach
corresponded to relatively minor sources of systematic error in estimating aerosol pH
based on this approach due to the larger effect on calculated aerosol pH that can occur by
employing other reported values of Henry’s Law for HCl. Therefore it is likely that the
large uncertainty associated with the Henry’s Law constant for HCl was probably the
primary factor contributing to differences in pHs inferred from the measured phase
partitioning of HCl, HNO3, and NHj3. Specifically, these results suggest that the Henry’s
Law constant for HCI that was used in the calculations (Table 1) may be too low as the
differences in calculated pH based on the reported values of Ky for HCl varied more
"widely than the above-discussed sensitivities. Results from varying the Henry’s Law
value for HCI (not shown) suggest that increasing the Henry’s Law constant for HCI
(Tabl¢ 1, Ky®= 1.1 x 10°% by roughly two orders of magnitude would bring the calculated
aerosol pH based ‘on HCI to within the range calculated using the HNO3; and NH;

couples.

4.4 Implications

The above results have important implications for our understanding of Cl radical
chémistry and related implications in continental air. Concentrations of particulate CI
measured during previous investigations were insufficient to sustain the production of
CINO; inferred from measured mixing ratios [e.g., Osthoff et al., 2008; Thornton et al.,
2010], suggesting that particulate Cl” consumed via reaction 4 is replenished. However,
those measurements did not include ‘refractory’ molecular forms such as NaCl and also

did not quantify aerosol size fractions greater than ~1 pum ambient diameter.
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Consequently, particulate Cl™ concentrations limited to the sub-um size range represent
lower limits. During NACHTT, most particulate C1~ was associated with super-um size
fractions and Na* and CI~ were highly correlated suggesting that most CI” was associated

with refractory salt (Fig. 3a).

In addition, HC] was not measured during previous experiments. Because HCl
partitions with aerosols based on Henry’s Law, losses of particulate CI” (due to CINO,
production) from particles that were previously in thermodynamic equilibrium with HCI
vapor would ‘undersaturate the aerosol and thereby drive HCl condensation. Sub-pum
aerosol size fractions equilibrate rapidly (on the order of seconds to minutes) with the gas
phase [Meng and Seinfeld, 1996] and, consequently, HCl vapor would serve as an

effective reservoir for particulate CI” under these conditions.

Like HCI, HNOj; and NO3™ produced via reactions 3 and 4 subsequently partition
between the vapor and aqueous phases based on Henry’s Law and acid dissociation
constants, LWC, and solution pH [Keene et al., 2004]. At night, the net result of the

various multiphase pathways involved in CINO, production that can be expressed as:
2N;05(g) + Cl'(aq) + HCl(g) > 2CINOyg) + NO3'(aq) + HNO3(g) (12)

Because it regulates the equilibrium phase partitioning of HCI, solution pH is a key
variable controlling the production of CINO; via reaction 4 relative to HNO; via reaction
3. HC1, HNOs3, and NHj are the major atmospheric constituents that partition significantly
between the gas phase and acidic aerosols as a function 6f pH. During the NACHTT
campaign, tétal Cl was generally found to be in exeess of CINO, (Fig. 2d), which implies

that the availability of Cl” did not limit the production of CINO, under the conditions
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observed during the campaign.

The primary sources for total Cl in central Colorado during winter are uncertain.
Given the predominant westerly flow and relatively short (few days) transport times (Fig.
1), the long distance transport of marine and/or soil-derived aerosols and associated
reaction products from the west and southwest may represent a significant regional
source for total Cl. In addition, available but limited measurements of HCI in polluted
continental air [e.g., Graedel and Keene, 1995] indicate that rion—marine sources (both
primary and secondary), including fossil-fuel and biomass combustion, and industrial
emissions [Keene et al., 1999 and references therein], sustain mixing ratios typically
ranging from 100 to 1000 pmol mol™. During NACHTT, high concentrations of HCl in
association with other tracers of combustion were observed in discréte plumes that
appeared to emanate from nearby power plants suggesting that fossil-fuel combustion

was probably a significant regional source.

In addition to the Cl radical production and cycling pathways summarized above,
the potential role of reactive bromine should also be considered. If sufficient Br™ is
present, model calculations [e.g., Keene et al., 2009] indicate the following multiphase

activation pathways may also be important:

HOCl(aq) + Bl‘-(aq) + H+(aq) > BI‘Cl(aq) + HzO(aq) (13)
and
HOBr(ag) + Bripg) + H'(ag) > Braagy + HaOgg) (14)

HOBr in reaction 14 would be produced via pathways analogous to those for HOCI. (5
through 7). Product BrCl, and Br; subsequently volatilize and, during daytime, photolyze

yielding additional atomic Cl and atomic Br. Like reaction 11, these reactions proceed in
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both the light and dark and would enhance halogen activation at night and sustain
halogen-radical chemistry for longer periods during daytime relative to predictions based
on the photolysis of CINO, and the assumption that all atomic Cl reacts with
hydrocarbons. Concentrations of particulate Br™ associated with bulk aerosol sampled
during NACHTT varied from less than 0.02 to 0.06 nmol m>. Br~ was present at
concentrations above detection limits in only 27% of samples. This concentration range
overlaps the lower po_rtions of those reported for marine regions [Sander et al., 2003;
Keene et al., 2009] and, although volatile Br species were not quantified during the
campaign, implies that Br chemistry may have been occurring. In this regard, it is
important to note that volatile inorganic Br has a longer atmospheric lifetime against
deposition relative to the parent aerosol [e.g., Keene et al., 2009], which suggests more
efficient transport from marine regions relative to particles. Inorganic Br is also emittéd
over continents during biomass buming and from various industrial sources [Sander et
al., 2003]. To more fully evaluété the nature and potential importance of halogen radical
chemistry in continental regions, it is recommended that volatile inorganié and particulate
Br be measured during future ﬁéld investigations of these processes. Within the context
of the NACHTT campaign, a forthcoming manuscript will more fully evaluate the
specific impacts of the Cl multiphase processing on tropospheric oxidation [Kim et al.,

manuscript in preparation].
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CHAPTER S

Summary and Conclusions

Multiphase processing of reactive halogéns impacts important, interrelated
chemical processes in Earth’s troposphere. During winter 2011, major water soluble trace
gases (HCI, HNO;, NH;, HONO, HCOOH, and CH3COOH), the ionic compoéition of
size-resolved aerosols over the full relevant size distribution (ambient GMD from 0.18 to
28 um), the ionic composition of bulk aerosol, and associated physical conditions in the
continental troposphere were measured from the Boulder Atmoépheric Observatory in
Erie, Colorado. Aerosol acidities were inferred from the measured phase partitioning and
associated thermodynamic properties of major analytes with pH-dependent solubilities
(HC1, HNOs, and NH3). CI' and Na' were associated primarily with super-um diameter
aerosol size fractions where;,as NOs~, SO4*, and NH," were associated primarily with sub-
um size fractions. All aerosol size fractions were acidic throughout the campaign. pHs
inferred from HNQO; and NHj partitioning (most in the 2s and 3s) agreed reasonably well, .
both in terms of absolute values and the overall pattern of modest increases in pH with
ihcreasing aerosol size. Large uncertainties in. the Ky for HCl contributed to
systematically higher pHs inferred from HCI phase partitioning (approximately by 1 to 2
units based on median values) relative to HNO; and NH3. Condensation of HCI sustained
CI' in all size fractions thereby preventing the depletion of the particulate CI™ via CINO,
production. These results imply that NOy (the precursor to N>Os formation), and not CI,

was the limiting reagent in CINO; production.during this campaign.
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Appendix I

Impactor Sample Start and End Times

SampNo Day/Night Start Date  Start Time Stop Date Stop Time
MM/DD/YYYY HHMM MM/DD/YYYY HH:MM
local local local local
2 N 02/18/2011 18:05 02/19/2011 06:48
3 D 02/19/2011 07:21 02/19/2011 17:41
4 N 02/19/2011 17:57 02/20/2011 06:47
5 D 02/20/2011 07:00 02/20/2011 17:42
6 N 02/20/2011 18:08 02/21/2011 06:45
7 D 02/21/2011 07:02 02/21/2011 17:43
8 N 02/21/2011 18:00 02/22/2011 06:43
10 D 02/22/2011 06:55 02/22/2011 17:44
11 N 02/22/2011 18:06 02/23/2011 06:42
12 D 02/23/2011 06:59 02/23/2011 17:45
13 N 02/23/2011 18:02 02/24/2011 06:42
14 D 02/24/2011 06:53 02/24/2011 17:46
15 N 02/24/2011 18:00 - 02/25/2011 02:50
16 D 02/25/2011 07:00 02/25/2011 07:32
18 N 02/25/2011 18:18 02/26/2011 06:38
19 D 02/26/2011 06:58 02/26/2011 17:49
20 N 02/26/2011 18:10 02/27/2011 - 06:36
21 D 02/27/2011 06:49 02/27/2011 17:50
22 N 02/27/2011 18:06 02/28/2011 06:36
23 D 02/28/2011 06:48 02/28/2011 17:51
24 N 02/28/2011 18:04 03/01/2011 06:33
25 D 03/01/2011 - 06:45 03/01/2011 17:53
26 N 03/01/2011 18:06 03/02/2011 06:32
27 D 03/02/2011 06:43 03/02/2011 17:53
28 N 03/02/2011 18:09 03/03/2011 06:30
29 D 03/03/2011 06:42 03/03/2011 17:54
30 N 03/03/2011 18:06 03/04/2011 06:30
32 D 103/04/2011 06:43 03/04/2011 17:55
33 N 03/04/2011 18:09 03/05/2011 06:26
34 D 03/05/2011 06:37 03/05/2011 17:56
35 N 03/05/2011 18:09 03/06/2011 06:26
36 D 03/06/2011 06:38 03/06/2011 17:57
38 N 03/06/2011 18:08 03/07/2011 03:17
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Impactor Sample Start and End Times (cont.)

SampNo Day/Night Start Date  Start Time Stop Date  Stop Time
MM/DD/YYYY HHMM MM/DD/YYYY HH:MM

local local local local

39 N 03/08/2011 01:10 03/08/2011 03:17
40 D 03/08/2011 06:34 03/08/2011 17:59
41 N 03/08/2011 18:13 03/09/2011 06:21
42 D 03/09/2011 06:32 03/09/2011 18:00
43 N 03/09/2011 18:13 03/10/2011 06:20
44 D 03/10/2011 06:31 03/10/2011 18:01
45 N 03/10/2011 18:14 03/11/2011 06:18
46 D 03/11/2011 06:30 03/11/2011 18:03
48 N 03/11/2011 18:13 03/12/2011 06:17
49 D 03/12/2011 06:27 03/12/2011 18:04
50 N 03/12/2011 18:14 03/13/2011 06:15
52 D 03/13/2011 06:27 03/13/2011 18:05
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Appendix II

Impactor Sample Data

Size-resolved ionic composition of aerosol sample (top left panel); soluble trace gases
sampled during impactor sample (top right panel); 5 day HYSPLIT back trajectories in 3-
h intervals during sampling period (bottom left panel); Temperature, Relative Humidity
(RH), Wind Direction (WD), and Wind Speed (WS) during impactor sampling period
(bottom right panel).
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