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Abstract

Inorganic chlorine budget and gas-particle partitioning in the winter lower troposphere over the
northeast United States

Jessica D. Haskins

Chair of the Supervisory Committee:
Professor Joel Thornton

Atmospheric Science

Reactions of halogens occurring in fine mode aqueous aerosols are regulated by aerosol pH
and liquid water content which affect ozone concentrations, tropospheric oxidant concentrations,
sulfate and nitrate aerosol mass loadings, and hydrocarbon concentrations. However, the rates of
heterogeneous and aqueous halogen reactions under atmospheric conditions, and, consequently
the inorganic tropospheric halogen budget and its overall impact on air quality, remain highly
uncertain. In this work, measurements from the 2015 Wintertime Investigation of
Transportation, Emissions, & Reactivity (WINTER) aircraft campaign are used to show that the
inorganic chlorine budget is dominated by HCI (g) and total particulate chloride, accounting for
greater than 85% of the total chlorine budget within the boundary layer. The total amount and the
range of all chlorine compounds sampled are elevated in marine environments with the total
mass of inorganic chlorine compounds found over marine regions being 1014 pptv and 609 pptv

over continental regions. The median observed mass fraction of chlorine in the fine mode



particle phase (pCl’) is 0.054 (Qa2se, = 0.038, Q7s¢, = 0.084) for the whole campaign, with large
variability about this average. CINO, was observed to peak at night containing ~15% of the
overall chlorine budget (>1000 pptv). HOCI was observed to peak during the day and with a
median of 100.8 pptv over the ocean and 21.3 pptv over land.

WINTER observations of gas and particle composition were used as inputs to the offline
thermodynamic equilibrium model, ISORROPIA 1I, to compare observed and modeled chlorine
gas-to-particle partitioning. Observations show 0-20% of available, submicron non-refractory
chlorine partitions into the particle (0 - 0.2 pg m™,) at sufficiently high relative humidities, low
temperatures, and pH above 0.8. The thermodynamic model significantly over-predicted
particulate chloride by approximately a factor of two and under-predicted gas phase HCI by the
same. Errors in the modeled HCI gas-particle partitioning may be caused by the presence of
unmeasured refractory sodium chloride. The chlorine partitioning can be brought into agreement
with the observations without significantly perturbing the nitrate partitioning by artificially
increasing fine mode sodium chloride particle mass in the model to simulate an unmeasured sea
salt fraction by <0.1ug m™ in the median. The disagreement could also be caused by an over
prediction in the effective equilibrium constant for HCI. An implied equilibrium constant
function is derived from the WINTER data set and ISORROPIA II estimates of pH, LWC, and
activity (Keq=4.5533 x 10°exp[3012 (1/T- 1/T,)] mol® kg™ 1n atm™ ) which has a distinctly
lower temperature dependency than the ISORROPIA II default value and is expected to be a
lower limit of the equilibrium constant. Ultimately this work highlights the sensitivity of
chlorine partitioning predictions by ISORROPIA II to minor changes chemical and
environmental inputs. Such sensitivity will ultimately propagate to predictions of heterogeneous

halogen chemistry and its effects on air quality and climate.



1 INTRODUCTION

In the last 20 years, halogens have been discovered to exert a significant influence on the
chemical composition of the troposphere, affect the fate of pollutants in the atmosphere, and
meaningfully impact climate [Simpson, et al 2015]. Specifically, multiphase chlorine chemistry
has been shown to affect methane, ozone, and particle concentrations, all of which are influential
climate forcing agents [Long et al,. 2010; Katzman et al., 2010; Thornton et al., 2010; Sarwar et
al., 2014]. These effects result from the high reactivity of atomic chlorine radicals and chlorine
oxides towards inorganic and organic compounds in the atmosphere [Riedel et al., 2014;
Sherwen et al., 2016], and their coupling to the odd hydrogen (HOx= OH+HO,) and nitrogen
oxide (NO,=NO-+NO,) radical, which both regulate 0zone concentrations and predominantly
control the overall oxidative capacity of the atmosphere. Unlike other dominant oxidant
pathways in the atmosphere, heterogeneous reactions between gas-phase species and halides on
surfaces are centrally important to chlorine chemistry.

It is their low tropospheric concentrations, the key role of heterogeneous reactions, and the
highly reactive nature of chlorine compounds and their precursors, which complicates the ability
to measure them and, therefore, quantify their influence on the atmosphere and climate. Direct
observations of elevated inorganic chlorine gases in coastal air were only first published in 1993
via mist chamber measurements [Pszenny et al., 1993] and to date, published observations of
tropospheric inorganic chlorine gases are extremely limited. Global models have attempted to
incorporate recent advances in our understanding of the impact of inorganic chlorine chemistry
and their ultimate impact on air quality and climate in the troposphere [Long et al., 2010; Li et
al., 2016; Sherwen et al., 2016]. However, they all point out that the heterogeneous chemistry of

sea-salt and basic thermodynamic parameters needed to fully model the system are still highly



uncertain, that further field observations are needed as constraints, and that new modeling
techniques need to be developed which are able to exploit those observational constraints [Saiz-
Lopez et al., 2012b; Abbatt et al., 2012; Sander et al., 2015; Simpson et al., 2015; Sherwin et al.,
2016].

This work presents results from the most expansive data set of inorganic chlorine compounds
taken to date from the 2015 Wintertime Investigation of Transport, Emissions, and Reactivity
(WINTER) aircraft campaign, and uses this data set to verify the ability of an existing
thermodynamic model, ISORROPIA II, to explicitly predict equilibrium partitioning of chlorine
between the gas and particle phases. Extensive comparisons of inorganic chlorine measurements
are made to the limited record of prior measurements and found to be in generally good
agreement. I show that the model’s ability to accurately represent heterogeneous chlorine
chemistry is extremely sensitive to often ignored or poorly constrained trace species like
submicron sodium chloride. Although total sodium chloride mass concentrations can be
measured with current techniques, its size distribution and submicron fraction are often not, and
often measurement of sodium chloride remain low time resolution challenging analyses made
aboard aircraft. While the submicron fraction of NaCl is expected to be small, I further show that
even low concentrations can impact pH enough to affect ISORROPIA II’s prediction of
submicron chloride gas-particle partitioning while not affecting nitrate or ammonium
concentrations. Ultimately, I show that while there is good potential for the coupling of
ISORROPIA 1I to a global model to fully assess the global impact of halogen chemistry on air
quality and climate. I conclude with a recommendation for future measurements in this regard to
focus on comprehensive and simultaneous, high time resolution measurements of gases and size

resolved aerosol composition that include trace species like submicron sodium chloride.



2 BACKGROUND
2.1 Sources of inorganic chlorine in the atmosphere & phase partitioning

The primary source of reactive chlorine in marine air and globally is from the emission of
inorganic particulate chloride (pCl’) from sea-salt aerosol spray produced at the ocean’s surface
via bursting bubbles. However, the concentration of pCl varies over several orders of
magnitudes as a strong function of wind velocity and sea surface temperature [Graedel and
Keene, 1995, Jaeglé et al., 2011], and concentrations decrease sharply above the marine
boundary layer. Continental sources of reactive chlorine include aerosol production from salt
plains or swimming pools and the direct emission of hydrochloric acid (HCI (g)) from power
plants, but these sources are much smaller than their counterparts over the ocean [Keene et al.,
1999]. The inland transport of super-micron sea salt aerosols is nearly negligible since they have
a relatively short lifetime against deposition (~1.5 days) [Erikson et al., 1999; Keene et al.,
1999]. However, submicron sea salt has a lifetime of 1-2 weeks and can be transported inland
further making it a potentially important source even in areas not immediately adjacent to an
ocean [Tegan et al, 1997].

In addition to the inorganic sources of

HNO; (9)
HCI (g9) I reactive chlorine, there are also tropospheric
: _ NHs;(9) : : :
o NOg sources of reactive chlorine from organic
H* Na* NH,* precursors called chlorocarbons, such as
OH- S0, 2- dichloromethane (CH.Cl,) and chloroform

(CHCL). Extremely reactive atomic chlorine
Figure 1: Illustration of the possible phase
partitioning of chlorine, nitrate, and ammonia
between their dissociated form in a deliquesced
aerosol particle and in their forms in the gas phase

radicals can be released from the oxidation and



photolysis of such organic chlorine species, which increase the amount of total reactive chlorine
available in the troposphere through the coupling of photolytic halogen cycles and multiphase
chemistry described in more detail in the following section and in Figure 2. A recent modeling
study has estimated chlorocarbon oxidation pathways account for 0- 50% of tropospheric atomic
chlorine radicals (~ 0-10 pptv). They estimate the smallest contributions from the oxidation of
organic chlorine species to the radical chlorine atom budget within the wintertime marine
boundary layer (<10%, ~0-1 pptv) [Hossaini et al., 2016]. Within the framework of this study,
considering the halogen budget within the polluted marine boundary layer during the winter, the

impact of these organic chlorine sources is expected to be small.

At typical atmospheric conditions, HCI(g) can exist

At Equilibrium:
HCl <—> HCI R1 . yer . L .
HCI (aq) (gE) > H' (aq) +(‘éql»)( aq) ER2§ in equilibrium with its hydrated form in the aerosol
K gq = [HI[CI] yayer (R1) . However, as a strong acid, it undergoes rapid
Py

dissociation yielding H'(aq) and C1 (aq) (R2). This
equilibrium can be perturbed by the partitioning of other acids such as HNO; and H,SOy into the
aerosol. As other acids are taken up into the particle, they can quickly displace chloride from the
aerosol in the form of HCI(g) by affecting the acidity of the particle and thereby the dissociation
equilibrium of HCI and by affecting the anionic composition on the activity coefficients
[Chameides and Stelson, 1992]. The volatilization of HCl from primarily marine aerosol via acid
displacement reactions is estimated to be the largest global source of HCI [Keene et al., 1999].
The equilibrium partitioning of chlorine between the gas and particle is also reversible,
and in areas where nitrate and sulfate are less abundant, HCI can be taken up into the particle,
where it rapidly dissociates, yielding particulate chloride (pCl’) available for subsequent reaction

in the liquid (R1-R2). Indeed, a recent study has hypothesized that inland, where the sources of



particulate chloride are small, partitioning of HCI emitted from anthropogenic sources like power
plants into the particle could provide a source of pCl significant enough to propagate subsequent
reactions at levels previously thought only to be relevant over the ocean [Reidel et al., 2013].

The phase partitioning of chlorine, nitrate, and ammonium is regulated by aerosol size,
particle pH, liquid water content, water and solute activity (y), and ambient temperature and
pressure. Figure 1 shows the possible equilibrium partitioning between the gas and particle for
multiple compounds. Deliquesced fine mode aerosols are often highly concentrated, and thus
non-ideal, salt solutions. Therefore, the equilibrium partitioning of all species is greatly impacted
by the activity coefficients of the various ions in solution. Within the polluted marine boundary
layer, the pH of submicron aerosols is primarily determined by the bulk sulfate, nitrate, and
ammonium contributions because they are present in much larger concentrations in the aerosol
than chloride, sodium or alkaline earth metals as shown by Guo et al., 2015, Guo et al., 2016,
and Guo et al., 2017. The typical pH of submicron aerosols sampled within this environment has
been shown to be extremely acidic, with values ranging from -1 to 3 [Keene et al., 1998; Geo et
al., 2015; Guo et al., 2016; Guo et al., 2017]. It is the small volumes of the fine mode aerosol that
allows such low pH values to be achieved.

In less polluted areas, the chemistry that governs chlorine activation from sea spray
aerosol is less well understood. Laskin et al. 2012 suggests that acid displacement processes
involving low-volatility organic acids may play an important role in HCI volatilization from the
particle in such areas. In the absence of large amounts of nitrate or sulfate, it is also possible that
trace species from mineral dust could contribute to fine particle pH, which would tend to raise
the pH of the particles, but the observational dataset needed to verify this is somewhat limited.

Guo et al 2017 compared all fine particle pH estimates made to date in different seasons across



the US and in the Mediterranean with varying ranges of bulk nitrate and bulk sulfate and showed
that all studies have consistently found highly acidic submicron particles with pH generally less
than 3.

The typically low pH of fine mode aerosol is important because both the partitioning of
nitrate and chlorine, which are coupled through their mutual dependence on aerosol pH, between
the gas and the particle span a range from 0-100% at atmospherically relevant temperatures,
pressures, and relative humidities between pH=-1 to 3. Thus, in order to explicitly predict
available fine mode particulate chloride or HCI concentrations (as well as particulate nitrate or
HNO3) in the lower troposphere, the equilibrium of a CI'-Na*-SO,*-NH,"- NO; - water
inorganic aerosol system must be solved. Existing global models that include halogen chemistry
do not solve this thermodynamic equilibrium to predict available particle chloride or gas phase
HCI. Sherwen et al., 2016, which implemented gas phase tropospheric halogen chemistry in
GEOS-Chem, specifically notes that not including the acid displacement of HCI in the model is

one primary source of uncertainty in halogen budget of the lower boundary layer.

2.2 Significance of subsequent multiphase chloride reactions

There are numerous ways to convert particulate chloride into reactive chlorine gas phase
compounds, which impact air quality, climate, and the overall tropospheric oxidant budget,
which are briefly summarized in Figure 2. Ultimately, it is critical to correctly model pCI’
because various multiphase halogen reactions that liberate chlorine from the particle are central
to the photochemical cycling of other reactive chlorine compounds in the gas phase. For
example, one way to liberate particulate chloride that couples to the cycling of nitrogen oxides in

the atmosphere is tied to the formation of nitryl chloride (CINO,). It is a photolabile reservoir of
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Cl atoms and NOy that forms via the heterogeneous reaction of dinitrogen pentoxide (N,Os) on

chloride containing aerosols (R2), and is understood to be especially important in the winter.

CINO; production & photolysis
N20s (g) + CI' (ag) — (2-¢) HNO; (g) + ¢ CINO2 (2)  (R3)
CINO;(g) + hv —= CI' + NO» (g) (R4)

CINO; builds up in the boundary layer at night when N,Os levels are high and undergoes
photolysis in the morning (R3) to produce atomic chlorine radicals (C1") and NO,, both of which
have significant impacts on the atmosphere [Platt et al., 2004, Mielke et al., 2013, Cooper et al.,
2010, Thornton et al., in prep] CINO; is relatively unreactive at night when it is formed, and acts
as a reservoir species, transporting NOy downwind of its sources in polluted areas. Upon sunrise,
the photolysis of CINO; acts as a net NOy source in rural or remote regions (R4).

This redistribution of NOy by CINO; is particularly important in the winter and can

ultimately impact whether a region is net producing or destroying ozone. In winter, the

production of hydroxyl radicals (OH), the glll{of:)lc{lglfc;loozzJ(r)lgzgroduct10n(R5)
most important atmospheric oxidant, is RO, +NO = R’0 + HO; + NO, (R6)
HO, + NO — OH + NO; (R7)
considerably slower owing to changes in 2x (NO2 + hv — NO + O3) (R8)
photolysis rates. This ultimately leads to a N;Os formation & loss
2x (NO + O3 = NO, + 0,) (R9)
slowdown in the concurrent oxidation of NO; + 03 = NO3 + O, (R10)
NO; + NO; = N,0s (R11)
primary pollutants like NOx and VOCs, which | N,Os + H,O (/) — 2HNO; (R12)

leads to a slow down in the well-known phenomenon of photochemical ozone production in
near-source regions (R5-R8).

The slow down in photochemical ozone production in near source regions during winter,
in combination with the nighttime formation and loss N>Os, a process that depletes ozone, can

lead to the net destruction of 0zone in near-source regions where NOy is readily available to
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participate in this chemistry (R9-R12). Owing to the aforementioned decrease in the availability
of OH during winter, because NOy oxidizes far more slowly, broader background levels of NOy
accumulate and consequently spread over wider geographic areas downwind of sources. In these
downwind regions, despite the reduction in available OH, it has been suggested that the increase
in background NOy levels in winter can result in net production of ozone [Yienger et al., 1999].
The production of CINO; and subsequent release of NOy would serve to increase the production
of ozone in downwind areas. Estimates of the magnitude of this effect range from global
decreases of the tropospheric O3 burden by 18.6% in GEOS-Chem v10-01 [Sherwin et al., 2016],
a decrease of 65% in the boundary layer Oz concentrations in CAM v3.6.33 [Long et al., 2013],
and an increase of the boundary layer O3 concentrations by 16.3% in WRF-Chem [Li et al.,
2016], but calls for more dynamic means of parameterizing CINO; production are found across
the literature. Ultimately, CINO, production and transport during winter is key to understanding
the interplay between near source ozone destruction and widespread ozone production and a
robust, accurate means of solving the equilibrium phase partitioning of chlorine is critical to
accurately represent it.

Beyond its impact on NOy and ozone, the early morning release of atomic chlorine
radicals when CINO, photolyzes has other important atmospheric implications, especially in
winter. Because chlorine radicals are highly reactive with VOCs, they decrease their lifetimes
and potentially enhance the secondary organic aerosol (SOA) loading of the atmosphere.
Sherwin et al., 2016 points out that the oxidation of VOCs like ethane, acetone and propane by
chlorine atoms can be globally significant accounting for ~15-27% of their loss. Reidel et al.,

2013 and other work underway from the WINTER 2015 campaign indicate that chlorine atoms
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can be the primary oxidant in the early morning in winter when OH production can be both
lower in magnitude and more slowly produced.

In addition to the oxidation of VOC:s, the chlorine radicals released from the photolysis of
CINO; can also react with O3 to form the radical, hypochlorite (C10"). From there, CIO" can
undergo a self-reaction to form molecular chlorine (Cl,), which rapidly photolyzes, yielding two
chlorine radicals while catalytically destroying ozone, as it does in the stratosphere. Or, CIO® can
undergo reactions with NO, or HO; to form different, non-radical reservoirs, either chlorine
nitrate (CINOs (g)) or hypochlorous acid (HOCI (g)), respectively. The photochemical cycling
of these liberated chlorine compounds can then couple back to multiphase chemistry via the
reaction of HOCI with particulate chloride, pCI in the condensed phase to produce Cl,. The net
effect of this cycle, which starts with one chlorine radical (and one HO, radical), is to produce
two chlorine radicals. An analogous series of reactions involving bromine is termed the
“bromine-explosion” since it is ultimately an autocatalytic cycle that builds up the pool of
reactive halogen radicals in the atmosphere. But essentially, this series is just a conversion of
HOx radicals to Cly radicals through the combination of heterogeneous reactions involving pCI’
and photodissociation of Cl, that ultimately consumes protons from the aqueous phase shifting
the pH of aerosol surfaces to be less acidic [Simpson et al., 2015]. On a final note of the possible
pathways that particle chloride can be “liberated” from the particle into the reactive gas phase,
laboratory studies have shown that at sufficiently low pHs (<2), N,Os can directly oxidize
particulate chloride to Cl,, which may be responsible for the production of molecular chlorine on
acidic aerosol particles [Roberts et al., 2008]. However, magnitude of this effect, the rate and
other key uncertainties remain.

Figure 2 summarizes the key pathways through which chlorine compounds cycle and
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Figure 2: Figure summarizing the pivotal role of multiphase chlorine reactions in coupling the emission of local
anthropogenic emissions to the downwind transport of NOx and morning release of oxidants via reactions involving
the nighttime heterogeneous processing of N,Os, photolytic chlorine cycling, and acid displacement reactions.

highlights the pivotal role that particulate chloride plays in connecting the primary emission of
pollutants to their downwind effects on the oxidant budget and distribution of NOy. Ultimately,
the production of all the inorganic reactive chlorine gases in the marine boundary layer arise
through various chemical reactions that happen in sea-spray aerosols [Pszenny et al., 1993;
Graedel and Keene, 1995; Sander and Crutzen, 1996; Vogt et al., 1996; Keene et al., 1998; Oum
et al., 1998; Spicer et al., 1998; Erikson et al, 1999; Keene et al 1999]. The accurate
representation of nearly all the relevant chlorine species in the gas phase that affect tropospheric
ozone concentrations and the tropospheric oxidant budget in global models require an accurate
and thorough representation of particulate chloride because of the key role heterogeneous

chemistry plays in halogen chemistry.
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3. METHODS

3.1 Campaign & Instrumentation

One of three main focuses of the Wintertime
Investigation of Transport, Emissions, and Reactivity,
an NSF sponsored aircraft campaign that took place in
February and March of 2015, was to understand how
multiphase reactive nitrogen chemistry affects oxidant

availability, ozone production, reactive halogen

cycling, and the export of pollutants during winter. A Figure 3: Flight path Map of WINTER
2015 campaign. Colors indicate flight

paths that sampled air masses somewhat
or entirely at night while grey flight paths
were daytime only flights.

rich suite of chemical compounds, including O3, NOy,
CINO3, N,Os, HNO3, NOs3, PAN, hydrocarbons, and
aerosol composition were measured over 13 flights along the eastern US during the day and
night above rural and highly populated areas. Figure 3 shows the broad area sampled and the
particular attention paid to capturing air masses downwind of coastal polluted regions throughout
the night within the boundary layer when halogen heterogeneous processing occurs.

Onboard the NSF’s C-130, outfitted with 28 different inlets, multiple instruments
simultaneously sampled various gases, aerosol composition, photolysis frequencies, and particle
size relevant to coupled nitrate and chlorine chemistry. In this work, focus will be given to data
taken using the University of Washington’s high resolution time of flight chemical ionization
mass spectrometer (HR-ToF-CIMS), the University of Colorado’s high resolution time of flight
aerosol mass spectrometer (HR-ToF-AMS), and the University of New Hampshire’s aerosol
filter measurements, summarized in Table 1. The differences in these various aerosol

composition sampling techniques, for reasons that will be shown, are particularly important to
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correctly interpret the results of our modeling work, so added attention is paid to exactly w hat

forms of particulate chloride are measured by each instrument.

Measurement Instruments Time Reference
Resolution

Various Gases University of Washington; 2 Hz Lee et al., 2014; Lopez-
(e.g. HCl, CINO,, HOCI, Cl,, N,Og, HNO;, etc. ) Chemical lonization Mass Spectrometry, I (CIMS) Hilifiker et al., 2016
Submicron Aerosol Composition University of Colorado; 1Hz Jayne et al., 2000; Jimenez
(non-refractory: pSO,%, pNO;, pCl, pNH,*) Time of Flight Aerosol Mass Spectrometer (AMS) et al., 2009;
Supermicron Aerosol Composition (< 4 um) University of New Hampshire ~ 5 min Dibb et al., 1999; Dibb et al.,
(water soluble: pSO,%, pNOy,, pCl, pNH,* pNa*) | Filter Sampling 2000;

Table 1: Table summarizing some of the measurements made during the WINTER 2015 aircraft campaign

3.1.1 CIMS

A high-resolution time-of-flight chemical ionization mass spectrometer (HR-ToF-CIMS)
using iodide-adduct ionization, as described previously [B. H. Lee et al., 2014; Lopez-Hilfiker et
al., 2016], was used to simultaneously detect HNO;, HCI, CINO,, N,0Os, Cl,, HOCI, and CINO;
at 2 Hz. lodide ions are produced by passing methyl iodide past a Po-210 foil and mixed with
ambient air in a low pressure (80 mbar) flow reactor to selectively cluster with target gases in
ambient air. A small fraction of the reaction mixture is continuously sampled into the mass
spectrometer where they are separated by their time of flight detected. Calibrations for these
various species are preformed through a variety of methods described in detail in Lee et al.,
2014. For the WINTER campaign, calibrations of HCl were preformed through injection of a
few microliters of an HCl/acetone solution with a known concentration onto a filter immediately
upstream of the ion molecule reaction region. A flow of heated ultra-high purity N is then
passed over the filter to desorb the HCI. Integration of the signal and mass injected allow for a
determination of the sensitivity. Calibrations to CINO, were preformed in the field where N,Os
was quantified using the NOAA Atmospheric Ring-down Nitrogen Oxide Laser Detector

(ARNOLD) instrument [Dubé et al., 2006; Fuchs et al., 2008] and then passed through a wetted
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salt bed, generating CINO,. Assuming a 100% yield of CINO, from R3, the amount of consumed
N»Os, is used to calculate the sensitivity to CINO,. Previous measurements have shown that the
UW-CIMS CINO; and Cl; sensitivities (as determined using a permeation tube and cylinder) are
very similar. HOCI was calibrated by quantitatively converting to Cl, by following the protocol
of Foster et al 1999. Because a specific calibration to Cl, was not preformed during the WINTER
campaign, we apply a similar sensitivity as we measured to CINO,. The relative measurement
uncertainty for the reported data is estimated to be 50%, and detection limits vary flight to flight
for each species. For the following analysis, values from the CIMS reported below zero are set to
NaN and values below the determined detection limits are set to values equal to half of the

detection limit.

3.1.2 Particle Composition Measurements

Non-refractory ions in particles with an aerodynamic diameter less than 1um were
sampled with a high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS) at 1 Hz
in total aerosol mass mode. The general operation of the AMS has been described in detail
previously [Jayne et al., 2000; DeCarlo et al., 2006; Canagaratna et al., 2007; Jimenez et al.,
2009; Kimmel et al., 2011] and specifics about the operation of the HR-ToF-AMS during the
WINTER campaign are described in Guo et al., 2016. Relative ionization efficiencies for sulfate,
ammonium, nitrate, and chloride were determined by multiple in-field calibrations. Accuracy for
AMS detection of inorganic species is estimated at 35% for aircraft operation [Bahreini et al.,
2009]. Refractory species, such as salts like NaCl, NaNOs, and Na,SOs, are inefficiently detected
by the AMS [Hayes et al., 2013], meaning that the reported aerosol chloride measurement does
not contain significant contributions from sea-salt. It was found that that HNO; (g) formed from

nitrate evaporation reacted with residual chloride in the vaporizer resulting in a small extra
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chloride signal needing corrections of -20% to the reported particulate chloride measurement and
was adjusted accordingly in the results shown here.

In addition to the AMS particle composition measurement to account for missing
refractory components of the aerosol like sea salt, water-soluble ions in particles with an
aerodynamic diameter less than 1um were sampled with a Particle-Into-Liquid-Sampler that was
coupled with two Ion Chromatographs (ICs). Due to high baseline noise during the campaign,
the cation IC was determined to have detection limits to high to confidently report measurements
of NH;" and Na" (comprehensive operational discussion provided in Guo et al., 2016). Therefore,
only data from the anion IC was reported for the campaign (i.e. measurements of CI', NOs’,
SO4%). Limits of detection (LOD) were estimated from blank measurements using a High
Efficiency Particulate-Free Air filter taken during the first 10 minutes after take off of each
flight. Table 2 shows the estimated LODs, which were calculated as 3x standard deviation of the
blanks for the PILS-IC for the two different time bases used in this work. The relative

measurement uncertainty for the reported data is estimated to be 20%.

Unlike the PILS-IC, the AMS PILS AMS CIMS
10s (Smin) 10s (5min) 10s (5min)
provides higher time resolution, a Nitrage 0.21 (0.04) | 0.022 (0.004) | --
(ug/m”)
distinctly lower detection limit, and a (i‘;ﬁtf) 0.26 (0.05) | 0.006 (0.001) | --
. . Chloride 0.51 (0.09) | 0.022 (0.004) | --
more precise measurement of the suite (ng/m’)
Ammonium -- 0.003 (0.0006) | --
of ions, since the same detector is used (ng/m*)
HCI (pptv) | -- - 22 (4.7)
: . HOCI (pptv) | -- - 1.0 (0.23)
to sense both anions and cations. Cl (optv) — — 01 (0.02)
CINO, pptv) | -- — 0.1 (0.03)

These issues are very relevant to this
Ty Table 2: List of the limits of detection of the PILS, AMS, and

CIMS for various species for the two different sampling times
study. Guo et al., 2016 demonstrates 10 seconds and 5 minutes (shown in parenthesis) used in this

work.
that the AMS precision is most
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beneficial for assessing factors that influence pH where nitrate phase partitioning in concerned
during the WINTER campaign, while the PILS accuracy is important for constraining the
absolute value of pH, especially when nonvolatile cations are present.

Because the signal to noise ratio of the PILS cation IC was not sufficiently high to give
meaningful measurements of sodium or ammonium, the AMS provided the only submicron
measurement of ammonium, which is a critical buffering cation in a deliquesced aerosol in
determining aerosol pH in the polluted marine boundary layer. Thus, in explicitly calculating the
equilibrium partitioning of reactive chlorine a Cl-Na"-SO,*-NH,"- NO;™ - water inorganic
aerosol system, a self-consistent, and relatively precise set of data was found to be more critical
than the absolute concentrations of each aerosol constituent being correct (although the PILS-IC
measurement was useful in constraining this) [Guo et al., 2016]. Similarly, I find that the
precision of the AMS is extremely useful for assessing the factors that ultimately control chlorine
phase partitioning, like aerosol pH. However, because HCl is a weaker acid than HNO3, it is
displaced from the aerosol first as pH changes making the equilibrium phase partitioning of
reactive chlorine even more sensitive than the nitrate partitioning to issues raised by
measurement uncertainty, accuracy, and precision. It was found that the particulate chloride
concentrations rarely ever exceeded the detection limit of the PILS instrument, thus rendering its
use in this study of gas to particle chlorine partitioning less useful than that of the HR-ToF-AMS.
All submicron particulate chloride data used hereafter is that taken by the HR-ToF-AMS.

In addition to the two submicron aerosol sampling techniques deployed, a filter-sampling
system was used to collect particles with an aerodynamic diameter estimated to be less than 5
um, which were subsequently analyzed for water-soluble ions by IC, as previously described

[Dibb et al., 1999; Dibb et al., 2000;]. One data point was collected from this method
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approximately every 5 minutes. This aerosol composition measurement technique will capture
supermicron contributions from sea-salt aerosols. Notably, this was the only technique that could

sense any sodium contributions to aerosol mass during the WINTER campaign.

3.2 ISORROPIA II: Thermodynamic Equilibrium Partitioning Model
3.2.1 Model Description

In this work, the thermodynamic partitioning model, ISORROPIA II [Fountoukis and
Nenes, 2007] was used to determine the composition and phase state of a CI'-Na™-SO4*-NH; -
NOs™ - water inorganic aerosol system in thermodynamic equilibrium using input data from the
WINTER 2015 aircraft campaign. Using ISORROPIA II in an online global model like GEOS-
Chem or WRF-Chem with total chloride input would specifically allow for a prediction of the
acid displacement of HCl, particle pH, liquid water content, and particle chloride concentrations;
all of which are important parameters for parameterizing the uncertainties in halogen
heterogeneous chemistry. Previous work validating ISORROPIA II's ability to correctly predict
gas-particle partitioning in the real atmosphere has not focused intently on its ability to do so for
halogenated species, even if they are included in the inputs.

ISORROPIA 1I takes inputs of total (gas + particle) composition and ambient conditions
and partitions species into either the gas or the particle in thermodynamic equilibrium with the
system. For example, total chloride inputs to the model are the sum of the measured gas phase
HCI from the UW-CIMS and a measurement of the particulate chloride from the AMS.
Similarly, the total nitrate passed to the model would be the sum of HNO; and pNOj". Inputs for
species like sodium that do not partition into the gas phase, are taken as their observed

particulate concentrations.
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The model assumes thermodynamic equilibrium and distributes compounds into either
the gas or the particle. Because particle and gas phase measurements were made separately
during the WINTER campaign, it is then possible to verify whether the model has correctly
partitioned those compounds. In addition to the normal outputs of particle and gas phase
concentrations, we calculate particle pH following Guo et al., 2015 and Guo et al., 2016 as
follows:

pH = -logioyn+ Hyq = - logio H;?,QIPSVHMJ =- logio 100071 Har 2;; Hai

i o i

where yy+ is the hydronium ion activity coefficient (assumed = 1, which could be evaluated using
E-AIM), H,, (mole L") the hydronium ion concentration in particle liquid water, H,;, " (ug m™)
the hydronium ion concentration per volume of air, and W; and W, (ug m™) are the particle water
concentrations associated with inorganic and organic species, respectively. In this work, pH is
calculated only considering the inorganic water contribution since the organic aerosol
hygroscopicity was not measured during the WINTER campaign. Furthermore, Guo et al., 2016
shows that assuming an appropriate organic hygroscopic parameter for the WINTER campaign
only increased pH by 0.07 units. Although this assumption does not significantly change the
characterization of the overall pH of a submicron aerosol, I will show below that chlorine
partitioning is particularly sensitive even to small changes in pH and this assumption’s effects

are further discussed in Section 5.

3.2.2 Model Simulations
ISORROPIA II inputs from WINTER campaign observations are described in Table 3.
In addition, we use observations of ambient temperature, relative humidity and pressure. Two

different runs were performed to investigate the trade offs in using different particle composition
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data as part of the bulk input for reasons discussed in section 3.1.5. Only points where all inputs
were measured with a finite value were run through ISORROPIA II. Furthermore, only
submicron measurements of particle composition are passed to the model since the super-micron
particles are much less likely to be internally mixed, a key assumption of the model. The best
signal to noise ratio for the AMS data was found at a time resolution of 10s. Therefore, the

equilibrium calculation is done for the 10s average of the input data for the entire WINTER

campaign.
ISORROPIA [BREHTNE 1MoL This Work This Work
Inputs Base Case Base + CI Iterated NaCl
Total Nitrate CIMS HNO; + CIMS HNO;+ | CIMS HNO;+
AMS NO3” AMS NO3 AMS NO3
Total Sulfate AMS SO, AMS SO, AMS SO,
Total AMS NH," AMS NH," + AMS NH," +
Ammonium +iterated NH; iterated NH; iterated NH;
Total 0 CIMS HCI+ CIMS HC1 +
Chloride AMS CI’ iterated CI’
Sodium 0 0 iterated Na"

Table 3: Table comparing inputs to ISORROPIA II from this study considering WINTER 2015 campaign chlorine
partitioning and those from Guo et al., 2016 considering WINTER 2015 campaign nitrate partitioning and predicted
fine particle pH

The first run was designed to closely mirror that done by Guo et al., 2016, but included
total reactive chlorine (HCI + particulate CI') as part of the inputs (simulation hereafter referred
to as ‘Base + CI’). Because there were no good-quality measurements of NHj3 (g) during the
WINTER campaign, the bulk ammonia passed to the model (which should include NH3(g) +
NH," (aq)) was iterated in all simulations until the until the particle NH," prediction converged
with observations. Guo et al., 2016 found that the amount of NH; needed was 0.1 £0.34 pg/m’amp
and that most of the ammonia partitioned to the particle phase (~91% =+ 22%) resulting in a
systematic pH bias of ~0.2 pH units higher than runs that neglect this contribution. In my work, I

find similar results when reactive chloride was added.
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The second simulation preformed was identical to the Base + CI run, except that aqueous
sodium chloride concentrations were iterated until the predicted gas phase HCI came into
agreement with the observations (simulation hereafter referred to ‘Iterated NaCl’). Total reactive
chloride input was not allowed to be lower than CIMS HCI + AMS pCI (i.e. total reactive
chlorine was added to account for missing fine mode sea-salt that the AMS could not detect, but
the model was never allowed to run with less than that observed. At minimum, it ran with the
original, observed AMS particulate chloride measurement). Any excess chloride added to
account for the measurement model difference in gas-particle chlorine partitioning was assumed
to be from sodium chloride, so equal molar amounts of sodium and chloride were added
concurrently. In theory, adding sodium chloride would impact the amount of necessary total
reactive ammonium needed by altering particle pH and since aqueous sodium chloride and NHj3
were simultaneously iterated, a correction to the amount of either NH3 of particle chloride inputs
would need to be made until both HC1 and pNH," values simultaneously converged to their
observations. Over 95% of all observations (n = 34022) passed to the model for evaluation
resulted in values of NH3, Na'(aq), Cl'(aq) for which mutual convergence of HC1 and pNH,"
measurements with model predicted inputs was obtained. Convergence was required within 30
iterations for each observation with an average tolerance of either + 10% of the measurement or
+0.018 pg/m’,my of NH, " and +15 pptv of HCI, which ever was largest. The same tolerance
conditions were used in constraining only NHj; in the Base+C/ simulation as well, with 98.5% of
samples successfully converging on a solution. Only points that led to convergence on a solution
that was able to match the measured values within tolerance are shown in comparisons presented

below.
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All ISORROPIA II runs performed assume that there is an aqueous phase present, gases
and aerosols are in thermodynamic equilibrium, and particles are internally mixed across the size
distribution, all of which have implications on our model output and the model-measurement
chlorine partitioning agreement. I run ISORROPIA II in “metastable” mode, which suppresses
any solid precipitates from forming. To ensure this is a realistic assumption for our inputs and
following Guo et al., 2016, we exclude all data with RH < 20%; a condition where aerosols are
less likely to be in a completely liquid state [Ansari & Pandis, 2000; Malm & Day, 2001;
Fountoukis & Nenes, 2007]. Although conditions with RH panning the entire range from 0-
118% were measured during the WINTER campaign, those with RH <20% and, therefore ,
excluded from analysis, represented about 20% of the data. It has also been shown that at such
low relative humidities, the modeled activity coefficients associated with highly concentrated
solutions are very uncertain [Fountoukis et al., 2009]. On the other end of the RH scale, owing to
the exponential growth in particle liquid water with higher relative humidity, data with RH >95%
are assumed to have a RH = 95%. Both uncertainties have been shown to affect the model
predicted pH [Malm & Day, 2001, Guo et al., 2015, Guo et al., 2016] and therefore, partitioning
of even major species like HNOj to the gas phase, but especially HCI (g), which, as a weaker
acid, is even more sensitive to displacement from the particle as pH changes.

Several studies have shown that under ambient atmospheric conditions, submicron
aerosols typically achieve equilibrium states within 30 minutes [Dassios and Pandis, 1999, Cruz
et al., 2000, Fountoukis et al., 2009]. Although the WINTER campaign experienced conditions
with low RH (<20%) and temperature (-21°C), when semi-solid and glassy states of inorganic
semi-volatiles are theoretically possible, Guo et al., 2016 explicitly calculates the relevant

equilibrium timescale and concludes that the aerosols observed remain in a deliquesced state
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with rapid diffusion throughout the particle for the WINTER 2015 aircraft campaign, such that
the inherent assumption of gas-aerosol equilibrium is valid.

4 RESULTS

4.1 Reactive Chlorine Budget

A summary of the total inorganic chlorine budget sampled during the WINTER 2015
campaign subdivided into air masses sampled over land and over the ocean below 1.5 km is
shown in Figure 4. Only points where simultaneous measurement of all chlorine compounds
(HCl(g), HOCl(g), Clx(g), CINO,(g), UNH pCI’, PILS pCI’) were made are included in this
analysis. All statistics shown are calculated using data from a 5-minute average such that all of
the measurements included in this analysis were representative of the same time base. Values
where an individual measurement is found to be below the time averaging adjusted limit of
detection are set to a value of /4 the detection limit (reported in Table 2) and are included in the
analysis so that the median and average values reported are not biased high due to consistent
samples of low concentrations below the detection limit. Negative values are assumed to be
NaNs.

In both regions, the inorganic chlorine budget is dominated by HCI (g) and total
particulate chloride (sampled by the filter, D, < 4pm, shown in dark purple), accounting for
greater than 85% of the total chlorine budget within the boundary layer. In line with expectations
and published literature data, both the total amount and the range of all chlorine compounds
sampled are elevated in marine environments [Graedel & Keene, 1995] with the total mass of
inorganic chlorine compounds found over marine regions being 1014 pptv and 609 pptv over

continental regions.

25



The amount of submicron water-soluble chloride (D, < 1pum, sampled by the PILS-IC,
shown in light purple) is shown to have the same median concentration over land and water with
the range of values sampled is higher over land. However, both median concentrations of pCl are
equal to 72 the detection limit of the PILS-IC since >50% of points sampled over land and water
had very low pCl" concentrations below the detection limits. The concentrations of submicron
water-soluble chloride are not necessarily the same for continental and marine environments, but
not different enough that it could be detected by the PILS-IC with its higher detection limit. The
total amount of particulate chloride (D, < 4um, sampled by the filter, shown in dark purple) is
distinctly elevated over the marine environments with median daily concentrations of
0.61 pg-m™,mp compared to 0.23 pg-m,mp over land within the boundary layer. Therefore, the
fraction of total chloride that is in the submicron is larger over land than over the ocean since the
amount of total chloride is so much larger over the ocean.

HCI (g) measurements taken during the WINTER campaign represent one of the largest and
broadest atmospheric sampling reported to date and are well in line with prior measurements and
chlorine inventories both over the ocean and over land. The median mixing ratio of HCI
observed during the WINTER campaign was 1014 pptv over the ocean and 435 pptv over land
with a maximum of 3067 pptv over the ocean (averaged over 5 minutes). Sustained, elevated
HCI concentrations were observed in the range of 1800 pptv in areas offshore on several flights
(see Figure 5). The highest concentrations of HCI ( > 5000 pptv) were measured during the
WINTER campaign when directly sampling fresh coal-fired power plant plumes. Keene et al.,
2007 reports HCl measurements taken off the coast of Maine in the summer of 2004 using a
tandem mist chamber. They report maximum concentrations of 5728 ppt with a median value of

351 ppt and average of 599 ppt. This method of determination has a much slower time resolution
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than sampling with the CIMS does and was a ground based campaign, so these composite
statistics are reported from only 302 measurements that took place lower in the atmosphere than
most of the WINTER measurements were taken. Although slightly lower values were reported

on average in Keene et al., 2007, they are in generally good agreement given the scarcity of

measurements of HCI in the boundary layer and distinctive differences in measurement

technique.
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Figure 4: Median daily averaged values of the various inorganic chlorine compounds measured within the
boundary layer ( < 1.5 km) over land areas (panel a) and over the ocean (panel b). Averages shown as
grey points in box and whisker plots. The table below summarizes the median and range of mixing ratios
for various chlorine compounds < 1.5 km over continental and marine regions.
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A suite of other inorganic chlorine compounds were measured during the WINTER
campaign, generally at lower abundance compared to HCI, but having a higher reactivity in the
condensed phase or due to photolysis. While CINO, and HOCI both have distinctive diurnal
cycles, it is notable that even averaged over an entire day they are still a significant fraction of
the total chlorine budget in Figure 4, especially over the ocean. Subdividing the boundary layer
chlorine budget into day and night, results look very similar to their daily averages over both the
land and the ocean, but has CINO; peaking at night as ~15% of the overall budget and HOCI
peaking during the day similarly. Although, maximum CINO, production is seen over the ocean
as expected, it is important to note that concentrations of CINO, seen within the boundary layer
over land are not insignificant with plumes upwards of 70 ppt at night, which is enough to
significantly impact the morning radical budget in the winter [Reidel et al., 2013].

An extensive review of the measurements of CINO; in the marine boundary layer taken
during the WINTER campaign is outside of the scope of this paper and is discussed in detail in

several papers currently in preparation by other members of the WINTER campaign science
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team. However, it is notable that measurements of CINO, taken during the WINTER campaign
are in generally good agreement in the overall pattern of the diurnal cycling and median
boundary layer concentrations with all previous measurements of CINO, data collected in both
coastal and continental regions [Mielke et al., 2013, Tham et al., 2014, Riedel et al., 2012,
Osthoff et al., 2008, Bannan et al., 2015, Faxon et al., 2015; Phillips et al., 2012, Thornton et al.,
2010; Riedel et al., 2013, Mielke et al., 2011]. Recognizing that the WINTER campaign
intentionally targeted areas where CINO, production would be maximized, observations show
large plumes forming offshore and downwind of polluted regions at night with maxims upwards
of 1000 pptv.

A brief comparison of the HOCI and Cl, median day and night concentrations are made
to prior literature here. Lawler et al., 2011 present measurements of HOCI and Cl, were made
with an HR-ToF-CIMS using a bromine adduct ion at Cape Verde off the coast of Africa from
May 30™-June 7™ 2009, which was approximately 50 m from the ocean. They report distinctive
diurnal trends with HOCI concentrations peaking during the day with an approximate daytime
mean of 80ppt during only the first 4 days of the campaign with notably smaller diurnal trends
and absolute concentrations during the half of the campaign.

The median WINTER HOCI concentration below 1.5 km over the ocean was 100.8 pptv,
in good agreement with the first half of the Cape Verde measurements. Similarly, the continental
median of HOCI concentrations during the WINTER campaign, which was 21.3 pptv below 1.5
km over the ocean, was slightly higher than the nighttime values reported in Lawler et al., 2011
during the first half of the campaign. However, both the marine and continental concentrations
are consistently higher than nearly all the data points reported in the second half of the Cape

Verde campaign. We initially estimate Cl, concentrations over an order of magnitude below
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those reported throughout the Cape Verde campaign, but note that our Cl, measurement is a
deliberately conservative estimate and only likely to increase. Previous modeling studies that
attempt to compare to the Cape Verde campaign measurements found best agreement with
second half of the campaign [Sherwin et al., 2016; Long et al., 2014], but note that their
estimates of HOCI and Cl,, which do not include explicit heterogeneous reactive chlorine
chemistry, tend to underestimate those concentrations. The WINTER 2015 data set is the most
comprehensive airborne observations of HOCI and Cl, taken in the atmosphere to date and could
be very useful for testing model predictions of their spatial distribution. Because of the
deliberately conservative estimates made for the calibrations, we can infer that the observed
concentrations of these species in the atmosphere is likely larger than previously thought, but not
completely outside of the absolute range of previous measurements.

Panel A in Figure S illustrates the differences over the land and ocean in HCI
concentrations. Over land, there are very distinctive point sources where power plant plumes in
southern Pennsylvania and Georgia were sampled. They appear as large, isolated concentrations
of anthropogenically emitted HCI that are slowly diluted downwind. However, over the ocean
the background HCl levels are generally all elevated, suggesting widespread secondary chemical
production of HCI, not primary emission. Panel B Figure 5 shows the ratio of chloride to sodium
by mass as measured by the UNH filter sized by the absolute amount of sodium available. In
typical seawater, the ratio of chloride to sodium by mass is about 1.76- 1.80 [Junge et al., 1958].
If the ratio were depleted with respect to that of seawater, it is indicative of some chemistry
removing chloride from the particle without removing sodium, as would occur via the acid
displacement of HCl or equilibrium partitioning of HCI. This ratio is less useful if there is not

any substantial amount of sodium available in the sampling region; thus, the each individual
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point is sized by absolute sodium concentration. Aerosols (D,<4 um, UNH obs.) are significantly
depleted in chloride with respect to the seawater ratio, specifically over the ocean, indicating
some amount of secondary chemical processing removing chloride from the particle via
volatilization. Similarly, the places with the highest levels of HCI over the ocean, correlate
spatially very well with the areas where total particle chloride has been displaced from the
particle relative to sodium. Panel C in Figure 5 shows the chloride deficit of the UNH filter

measurements, again sized by the absolute sodium concentration. It is defined as the difference
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Figure 5: a) Maps showing the 10s measurements of HCI from CIMS colored by total concentration with
points sized by the multiplicity by which they exceed the maximum of the color scale b) The ratio of the
UNH CI to the UNH Na* (Dp <4 pm) measurements by mass as compared to the sea-water ratio, sized by
absolute sodium concentration c¢) Particle chloride deficit calculated by taking UNH filter measurements of
sodium multiplied by the seawater ratio of CI- to Na+ and subtracting the amount of UNH filter
measurements of chloride, sized by absolute sodium concentration d) The total of HCI and CINO,
measured divided by the calculated chloride deficit (approximately the quotient of panel A and panel C ), and
sized by the product of total Cl, and the calculated chloride deficit. Large points indicate where large Cl, is
collocated with a large chloride deficit, while color indicates the magnitude of their ratio.
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between the product of measured sodium and the seawater ratio of Cl/ Na" and the measured
particle chloride. The chloride deficit, then, gives the concentration of chlorine that has been
removed from the particle. Comparing Panel A and C, it can again be seen that the areas where
the highest HCI concentrations are those where chloride deficit is large suggesting that some of
the elevated HCI concentrations can be attributed to the equilibrium partitioning of particle
chloride out to the gas phase.

By taking the ratio of the total gas phase chlorine species to the amount of displaced
particle chloride, it can be determined if the elevated levels of gas phase species over the ocean
can be explained by the displaced chloride from oceanic particles, which is shown in Panel D in
Figure 5. However, as the figure shows, the amount of chloride displaced from the particle is
almost never enough to explain the full concentrations of HCI (g) that were observed during the
WINTER campaign (i.e. the ratio is almost never less than or equal to one). Typically, the ratio
of the total measured HCI (g) and CINO; (g) is 2-7 times larger than the amount of chloride that
is displaced from the particle with respect to sodium in areas where both the measured Cl, and
pCl deficit are large (i.e. point sizes on Panel D) indicating that there is more mass of gas phase
chlorine species than can be explained by the measured amount of displaced particle chloride.
Even if only HCI, instead of total gas phase Cly is compared to the amount of displaced particle
chloride, the total amount of measured gas phase HCl is still >2x larger than the amount of
displaced chloride relative to sodium. Furthermore, uncertainty in Cly gas phase measurements is
not enough to explain the discrepancy (see Figure 6).

There are several possible explanations for this discrepancy. If the lifetime against
deposition of sodium in the aerosol is shorter than the lifetime of HCI, then some of the HCI

mass could be explained as residual from displaced chloride aerosol that has already been
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removed from the atmosphere. Furthermore, many of the areas sampled over the ocean with
elevated HCI concentrations were downwind of major populated areas where power-plant
emissions of HCI could have been advected downwind that would enhance Cly emissions relative
to particle sodium concentrations thereby increasing the ratio greater than what it would be if
displacement of chloride is considered to be the only source.

The atmospheric lifetime of HCl is primarily controlled by wet and dry deposition. The
dry deposition velocity of HCI in marine environments has been estimated to range between 1
and 5 cm s [Finlayson-Pitts and Pitts, 1999]. In the observed aerosols during the WINTER
campaign, pH is so low that equilibrium partitioning of HCI into the particle is negligible since
HCl is displaced under the vast majority of conditions making wet deposition unlikely. At
deposition rate of 1 cm s™, the lifetime against deposition is 1.2 and 1.7 days at a boundary layer
height of 1 km and 1.5 km, respectively. The 24 hour averaged lifetime of HCI with respect to
OH oxidation of 15 days (Kop,uc (298 K) =8 x 10" cm® molecule ' s ' and [OH],,, = 1 x 10°
molecules cm’ ). However lower OH levels in winter, this lifetime against OH oxidation is likely
even longer, making dry deposition the primary removal mechanism of HCI from the
troposphere. As previously noted, super-micron sea salt aerosols have a relatively short lifetime
against deposition (~1.5 days) [Erikson et al., 1999; Keene et al., 1999] comparable to that of
HCI against dry deposition while submicron sea-salt has a lifetime of ~1-2 weeks. The UNH
filter measures both super-micron and submicron sea-salt aerosols with D,< 4 um. Since most of
the sea-salt mass is associated with super-micron particles it is likely that the mean lifetime of
aerosols sampled by the UNH filter is on the shorter end. Therefore, it is not unreasonable to

assume that some of the HCl measured could have been from displaced particle chloride whose
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aerosol had since been deposited, since HCI was measured in significant quantities at both 1km
and 1.5km, where HCI would have a slightly longer lifetime than super-micron sea-salt aerosols.
However, because most of the chloride mass would be expected to be in larger particles (D> 4
um) that the UNH filters may or may not have measured, the discrepancy in the chloride deficit
and available chloride measured shown in Figure 5 could also be explained by some unmeasured
fraction of coarse mode sea salt.

As noted, the areas in which Cly observations are elevated and largely unexplained by the
amount of displaced chloride from the particle do coincide with areas downwind of major
population centers with coal burning power-plants, potentially significant wood-burning sources,

and widespread road salting habits during the winter. Figure 6 shows the total Cly, chloride
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Figure 6: Maps showing the total measured Cl, (a), chloride deficit (b), and their ratio (c), as defined above,
during Research Flight 3 on the night of 02/07/15 and (d) a time series of the deficit in black and measured
Cly in color, on the same color scale as panel A for comparison, with the estimated measurement error shaded
in grey
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deficit and their ratio both spatially and as a time series for Research Flight #3 which saw some
of the highest Cl, concentrations, submicron chloride concentrations, and chloride deficits
throughout the campaign. In this flight, HCI+CINO; reached sustained concentrations> 1800pptv
with a maximum 4866 pptv where displacement from the particle is only 573 pptv leading to a
ratio of Cl, : Deficit equal to ~8.5, leaving 4293 pptv to be explained by some combination of
other anthropogenic sources of HCI and residual HCI from previous displacement where aerosols
have since been deposited. While that is a very significant amount of unexplained HCI, the
median for this flight is 1685 pptv of Cly, with a median chloride deficit of 313pptv, leaving
1372 pptv of Cly unexplained by displacement of chloride from the particle. Panel D shows that
the uncertainty in the Cly, measurements, shaded in grey, cannot explain the difference in the
measured chloride deficit and Cly, observations indicating that this feature of either residual HC1
and/or additional downwind sources of HCI are statistically significant.

It is of note that a median of 313 pptv HCI displaced from the particle for this flight is not
an insignificant amount. In pristine areas of the marine boundary layer where anthropogenic
contributions are minimal, chloride displacement from the particle is the largest source of lower
tropospheric HCI [Keene et al., 1999]. Models, which do not incorporate aerosol
thermodynamics, cannot reproduce this partitioning of particle chloride into gas phase HCl and
its sensitivity to atmospheric composition, motivating a need for validating ISORROPIA II’s

ability to do so accurately.

4.2 Observed & ISORROPIA II Chlorine Partitioning
The median observed mass fraction of chlorine in the fine mode particle phase (pCI'),
determined using the AMS measurements, is 0.054 (Q2sy = 0.038, Q750 = 0.084) for the whole

campaign, with large variability about this average. The observed pCl varies across a range of 0-
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20%, even within a single flight, presumably driven by changes in particle liquid water content
and pH. Panel A in Figure 7 shows the measured fraction of bulk chlorine in the particulate
(AMS pCI' / [AMS pCI + CIMS HCI)]) as a function of ISORROPIA II predicted pH from the
Base+ CI simulation, that is colored by observed relative humidity. Each point in Figure 7 has a
different bulk aerosol composition (both in mass and relative contributions from various anions
and cations) and different activity coefficients, thus they would not be expected to line up along
a single function.

As Figure 8 shows, although the model captures the observed nitrate-partitioning well, it
tends to significantly overestimate the amount of chloride in the particle and, therefore
underestimate the amount of HCI in the gas phase by a factor of 2.14 on average. The nitrate
partitioning results shown here are not significantly different than those presented in Guo et al.,
2016, indicating that the pH perturbation caused by added reactive chloride is not enough to
perturb the nitrate partitioning, which will be discussed further below in section 4.4. The model
predicted results in Figure 7B show the model-measurement disagreement in chlorine
partitioning further. The model predictions follow an exponential relationship with pH, as
expected, and that the observations in Figure 7 A also somewhat follow, but at a lower
magnitude with scatter driven by variations in composition and environmental conditions for a
given predicted pH. The model results in Figure 7 B predict there to be a considerably larger
fraction of chloride in the particle than the observations show even at high relative humidities.
At extremely low pHs (< 0.25), the scatter and divergence in the observations (7A) from the
ideal modeled behavior (7B) increases. he model predicts that no aqueous chloride can exist in

the particle at pH< 0, but observations show that the particle very rarely is completely depleted
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Figure 7: Figure comparing the observed chlorine partitioning and the model predicted chlorine partitioning a) the
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in aqueous chloride, even at these low predicted pH values. The predicted pH for these points is
either too low or there is some limiting process that prevents the particle from ever becoming
totally depleted in chloride.

It is possible that the original model-measurement disagreement results in the Base+ CI
simulation because the total soluble chloride provided as input to ISORROPIA II did not include
contributions from submicron sea-salt since the AMS does not measure sea-salt in its particle
chloride measurement. This possibility is the reason that the second simulation included an
iteration of the aqueous sodium and chloride until the predicted gas phase HCI matched that of
the observations.

Panel C and D in Figure 7 show the input and output to ISORROPIA II that result from
the lterated NaCl simulation where sodium chloride was added as input until the predicted HCI
matched the observations. By experimental design for this simulation, the input partitioning
matches the outputted partitioning. It should be noted that the output from the model between the
Base+ Cl simulation (7B) and the output from the Iterated NaCl simulation (7D) are not
significantly different. This is noteworthy because it means that the amount of sodium chloride
added in the iterated NaCl simulation did not significantly perturb the predicted chlorine
partitioning. The difference in Figure 7, panel A and panel C shows that the input to the model
was changed between the two simulations, but that the outputted partitioning did not change
since the amount of added sodium chloride was not large enough to perturb pH in a way that
would change the chlorine partitioning. The reason for this will be discussed further in section
4.4.

Figure 9 shows a series of example time series taken from Research Flight 3 off the coast

of New York City on the night of 02/07/15. Panel 9A shows the Base + CI simulation’s
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predicted and observed chlorine partitioning. Here, ISORROPIA II’s consistent bias in over
predicting the concentration of particulate chloride is seen. With a slope of 2.14, the model
predicts nearly twice the amount of chloride should be in the particle than is measured. The cases
where ISORROPIA 1II over estimates the measurements the most tend to be co-located with
points where the relative humidity is high (likely driven by a decrease in temperature at a
constant pressure). The measurement uncertainty in the AMS particle chloride measurement is
shaded in grey around the observation. Shaded around the model predicted aqueous chloride

concentrations is the variation in the model output calculated from the upper and lower limits of
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Figure 9: Time series taken from Research Flight 3 off the coast of New York City on the night of 02/07/15. a) The
Base + Cl predicted aqueous chloride concentrations from ISORROPIA 1I compared to the AMS observations with
measurement uncertainty and model response to measurement uncertainty shaded. b) The Iterated NaCl predicted
aqueous chloride concentrations from ISORROPIA II compared to the inputted chloride observations that include
added NaCl with the measurement uncertainty of the AMS shaded. ¢) Time series showing the total amount of
aqueous chloride and sodium, and NH;(g) that must be added bring the model-measurement gas-particle chlorine
partitioning into agreement.
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the HCI measurement uncertainty. It is clear from this time series that the uncertainty in the
particle chloride and HCl measurements is not enough to explain the model-measurement
discrepancy observed in the gas-particle partitioning of chloride since the shaded areas of the
model sensitivity to measurement uncertainty and the measurement uncertainty being compared
to never overlap.

For this specific flight, only 30.1% of model outputted aqueous chloride was within a
factor of 2 of the measurements in the Base+ CI” simulation. For this base simulation, the nitrate
partitioning showed model agreement always within the measurement uncertainty. Panel 9B
shows the same time series for the same flight for the /terated NaCl simulation. By design, now
100% of points fall within a factor of 2 of the inputs. Panel 9C shows the amount of particle
chloride, sodium, and ammonia that must be added in order for the model to simultaneously
match the gas phase HCI and particle NH; measurements. This specific flight required the most
particulate chloride and sodium to be added in order to match the observed HCl measurements,
but was also the flight where HCl measurements were the largest over the ocean (see Figure
5A). Presumably, in order to sustain such high levels of HCI in the gas phase, a substantial
amount of particulate chloride needed to be present to produce & account for the large amount
displaced to the gas phase. For this flight, the areas where the most sodium and chloride needed
to be added to the particle to account for the missing sea salt contributions correspond to those
where the other particle mass concentrations are elevated. Figure 7 highlights the fact that
adding small amounts of submicron sodium chloride does not significantly perturb the predicted
chlorine partitioning (i.e. why the model predicted response in panel B and panel D look so
similar), but that change in inputted chlorine is enough to bring the inputs into agreement with

the predicted output. Although in some cases for this flight, the amount of particle chloride that
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is needed to explain the amount of HCl in the gas phase is nearly twice or three times the amount
that is measured, Figure 7 shows that this is not enough to perturb the original predicted
partitioning, regardless. So while it represents a substantial change in the amount of submicron
chloride that is predicted, it does not necessarily have as significant of an effect on the aerosol
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Figure 10: Map of the observed submicron non-refractory particle chloride observed by the AMS (a) and the
amount of additional particle chloride that must be added to get the modeled gas-particle partitioning to match the
observed gas phase HCl measurements (b).

thermodynamics that ultimately affect chlorine, nitrate, and other compounds partitioning
between the gas and particle.

Figure 10 shows a map of the observed particulate chloride as measured by the AMS (a)
and the amount of additional chloride (and sodium) that was added in the iterated NaCl
simulation to bring the model’s predicted gas phase HCI into agreement with the measured
HCI(g) for all flights. Panel 10B highlights where Research Flight 3, off the coast of New York,
required a significant fraction of submicron sodium chloride to be added to bring the model into
agreement with the measurements. The inland areas where significant amounts of submicron
sodium chloride was required to be added correspond to areas where the inland HCI(g) was

elevated presumably due to emission from power plants. For reference, the detection limit of the
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PILS instrument capable of measuring chloride was 0.2 pug/m’. As Figure 10 demonstrates, the
amount of additional sodium chloride needed to explain the model-measurement disagreement in
gas-particle chloride partitioning is less than what the PILS detection limit for nearly all of the
flights during the WINTER campaign. Therefore, the amount of refractory chloride needed to

explain the model-measurement disagreement is not inconsistent with the observations.

4.4 Controls on the Phase Partitioning of Bulk Chlorine

06 ) Aerosol liquid water content, pH, and temperature are

‘RH>80%

understood to be strong levers on gas-particle equilibrium

£ (Ch

partitioning. During the WINTER campaign, only in very

- humid conditions (RH >80%) was any substantial amount of

total partitionable chloride predicted by ISORROPIA II in the

iterated sodium chloride simulation to be present in the

particle (~20 - 40%) as shown in Figure 11 This figure is just

a summary of the information contained in Figure 7B,

0.00

00 02 04 06 08 10 12 14 . . .
pH zoomed in on a smaller pH range. Upon looking at time

Figure 11: The median fraction of ) o ) )
chloride in the particle as a function series of the partitioning of bulk chlorine to the particle and
of pH subdivided into different

relative humidity regimes as that of various predictive variables, it was found that liquid
predicted by ISORROPIA for the

iterated NaCl simulation . . .
water content could explain the most variance in the amount

of measured chloride in the particulate. This confirms the expectation that under wetter
conditions, more chloride can partition into the particle. Ultimately, the validity of the
assumption that the aerosol in question is deliquesced and therefore able to participate in
heterogeneous chemistry is key in determining whether ISORROPOIA 11 has skill at reproducing

the measured gas-particle partitioning of chlorine. What is evident in Figure 11 is just how steep
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the predicted partitioning of chlorine is in pH space, specifically at high relative humidities. Even
a slight pH perturbation (~0.1 units) to particles with pH > 0.8 can lead to significant enough
changes in the aqueous particle chloride concentration (> 0.20 ug/m’) to sustain heterogeneous
halogen chemistry and its many downstream impacts. At lower pH values <0.8, all of the
partitionable chloride is thought to be in the gas phase, so slight perturbations do not affect its
partitioning significantly. This also the case when relative humidity is <60%, where, because so

little chloride exists in the particle already, slight pH changes even at pH 1.5 - 2 do not

substantially impact the absolute 01 Measured pCl- — Modeled pCl-  vs. pH
=2 E
. . §00  —— —=— == g Mo
concentration of aqueous chloride. % o1 T T T %3 %3 % $ E;% %
: 02
Figure 12 shows aqueous 503 E
<
) ) _04 AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 3
chloride was generally over predicted 2 -1 0 1 2 B 4
Predicted pH
i + i i Figure 12: Scatter plot of the Base+ Cl simulation aqueous
in the Base + CI simulation when pH

chloride model to measurement agreement as a function of
predicted pH. Box and whisker plots showing the mean, median,
and range of the ratio of agreement are also shown for different
bins of predicted particle pH.

>0.8. Below pH of 0.8, so little
aqueous chloride is in the particle
that any absolute error is small. Similarly, above pH=2, the error is smaller since the predicted
partitioning has more of the total chlorine in the gas phase. Ultimately, the largest model errors
occur at high relative humidities in the pH range 0.8-2 during WINTER, as these conditions are
where chloride partitioning is most sensitive. Particle liquid water content and particle pH are
inherently connected. Throughout this work, we have addressed potential assumptions that could
either systematically bias pH or liquid water content. In theory, by altering particle sodium
chloride concentrations in the iterated NaCl simulation, we are changing aerosol pH and

therefore moving up and down the predicted partitioning line. However, ISORROPIA II does not
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always explicitly calculate pH based on all of the components it is given. It first calculates the
total sulfate ratio (R;), which is defined in as:

NH[] + [Ca®*] + [K*] + [Me?*] + [Na*]

sor?]

R1:[

During the WINTER campaign, this ratio is set only by the total ammonia, sodium, and sulfate.
For sulfate rich cases (R1<2), NH3(g) , NOs'(aq) and Cl (aq) are assumed minor species that do

NOT significantly perturb the equilibrium through the following reactions:

NH; (g) + H,0 (aq) €—> NH,' (aq) + OH  (aq)
HNO; (2) €—> H'(aq) + NOs(aq)
HCl(g) €—» H'(aq)+ CI (aq)

The model then solves the appropriate set of equilibrium reactions (for the major species) and the
three gases NH3(g), HNOs;(g), HCI(g) are subsequently dissolved through the equilibria
described above. The same is assumed for the dissolved undissociated ammonia, nitric and
hydrochloric acid in the aqueous phase (NHj3(aq), HNOs(aq), HCl(aq)). Thus, sulfate poor cases,
where R;>2, are the only regimes in which the pH is allowed to be perturbed by the iterated
sodium chloride or NH3 concentrations. This treatment of when to allow minor species to affect
particle pH is a fair assessment, since in sulfate rich cases, particle pH is so low because of the
amount of sulfate that all of the nitrate and chloride are presumably in the gas phase and all of
the ammonium is in the particle. Simply, when it is in a sulfate rich regime, the pH is so low that
the partitioning of nitrate, chloride, and ammonium is not sensitive. Figure 13 shows a map of
what the total sulfate ratio was determined to be during the WINTER campaign. Panel 13A
shows that about half of the area sampled during the campaign was in the sulfate rich regime
where particle pH is unaffected by sodium chloride. Those areas correspond to areas where the
pH is <1 in panel 13B, and in panel 13C, where the pH does not change by iterating sodium

chloride. In the sulfate poor areas, the original predicted pH tends to be higher, and is the only
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area where pH does change by iterating sodium chloride. Figure 7 demonstrated that the model
predicted chlorine partitioning does not shift after iterating sodium chloride concentrations
showing the model’s insensitivity to the changes in input total chloride that were made in the
iterated NaCl simulations. Figure 13 shows that the model is largely insensitive to total chloride
inputs because nearly half of the area sampled during the campaign was in the sulfate rich regime
where particle pH is unaffected by sodium chloride since it is already low. Therefore, for much
of the WINTER campaign, the input changes made in the /terated NaCl simulation were not
allowed to affect partitioning because of the way ISORROPIA II solves equilibrium. In the few
cases where particle pH was affected, as in the Research Flight # 3 case study presented in
Figure 9, the median pH change from adding sodium chloride is only 0.10 units, but as we saw
in Figure 7, this is all that is necessary at the high relative humidity that was observed during the
flight to significantly change the observed gas-particle chlorine partitioning since the partitioning
curve for HCl is so steep in pH space in the pH range relevant for the WINTER campaign. From
the iterated NaCl simulations, and estimate of how much sodium chloride was present in
submicron particles that the AMS did not detect is obtained.
5 DISCUSSION

Inconsistencies between observed and modeled gas-particle partitioning of any species
using ISORROPIA 1I can reflect (1) observational input violating inherent assumptions of the
model, (2) observational uncertainty in bulk measurement input, (3) errors in thermodynamic
constants used in the model, or (4) errors from numerical methods used to solve equilibrium
equations. It is important to understand these potential causes of disagreement to extract

meaningful results from the ISORROPIA II results presented above. An examination of some
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possible reasons for the disagreements between ISORROPIA II predictions and WINTER
chlorine partitioning are discussed below.

In section 3.2, it is noted that ISORROPIA 1I is run in “metastable’” mode, which assumes
the aerosol remain deliquesced regardless of relative humidity. Model to measurement
disagreement was greatest in chlorine partitioning when the relative humidity was between 30-
65% could be due to assumptions about particle phase state. The deliquescence relative humidity
of pure NaCl is around 68%, which can be lower in the presence of other salts. Freshly released
sea salt aerosols are usually already deliquesced making their efflorescence behavior of more
relevance. Recent studies have shown that mixed NaCl and NaNOj based salts have a mutual
efflorescence relative humidity around 30% [Gupta et al., 2015. Marine air masses sampled with
ambient relative humidity in between the efflorescence and deliquesce relative humidifies could
either be crystalline or aqueous solutions depending on the relative humidity history of the air
mass. If particles are assumed to be deliquesced, but were in fact effloresced because they had
recently passed through an air mass dry enough to completely effloresce the particle, the sample
particle chloride would be unable to partition to the gas phase such that partitioning would not be
in equilibrium. While this is a difficult assumption to asses without running back trajectories on
every air mass sampled during the campaign, relative humidity and the relevant ambient
conditions needed to predict whether a particle within the variable phase range are tracked in
global models such that this assumption could be easily tested before deciding whether to allow
the equilibrium partitioning of bulk chloride. Ultimately, while this assumption may be the cause
of some disagreement in the results presented here, it would not be as difficult in using
ISORROPIA 1I to predict heterogeneous chlorine partitioning in a coupled global model since

cases in which the particle may have effloresced could be identified.
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ISORROPIA assumes that the bulk properties passed as input represent the overall
particle composition such that pH (and therefore partitioning) does not vary with particle size.
When sampled in bulk, compounds with pH-dependent solubilities such as HCI, HNO;, and NHy4
are not always representative of the real atmosphere since the pH of the bulk may diverge
significantly from that of the size fractions with which individual gas preferentially partition
(Young et al., 2013). In marine air, like much of that sampled in the WINTER 2015 aircraft
campaign, particulate Cl" and NOj are typically associated with supermicrometer size fractions
whereas most NH, " is associated with submicrometer size fractions because on average, larger
marine aerosol size fractions are less acidic than smaller size fractions. We assume that particles
are internally mixed across the submicrometer portion of the size distribution. This assumption is
difficult to test without size resolved composition measurements below 1 um, which were
lacking during the WINTER campaign. As such, some of the disagreements between predicted
and observed chloride partitioning may have resulted from fresh submicron sea spray emissions
occurring into the submicron mode leading to a steady state externally mixed portion of particle
chloride mass.

The gas-particle equilibrium of a system is governed by the chemical potentials of the
components, which in turn depend upon the ionic composition of the solution and the activity
coefficients of the solute and solvent. These properties are affected by environmental conditions
such as temperature and relative humidity, which sets water activity and thus component
concentrations and the maximum possible relative humidity at which a solid species can exist,
known as the deliquescence relative humidity. However, since the advent of gas-particle
equilibrium models, both the numerical methods used to solve these sets of equations and the

constants assumed have been debated. Kim et al., 1993 and subsequent comparisons of
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ISORROPIA 1I to more explicit equilibrium models, like E-AIM, have pointed out the
inconsistencies that can arise by using different methods to estimate water activity coefficients

and solute activity coefficients, as well as the effect of ignoring charge balance on pH.
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Figure 14: a) Figure showing the temperature dependency of the various published values for the effective

equilibrium constant b) Same figure, in log space ¢) Table showing the functions used to calculate panel
A and B.

*Denotes that effective equilibrium constant quoted uses the acid dissociation function that is derived in Marsh & McElroy (1985).
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Specifically, in the case of HCI, there is more than 3 orders of magnitude spread in the published
values of basic thermodynamic properties like the value of the Henry’s law constant at room
temperature and a spread of a factor of 1.5 in the temperature dependency of the Henry’s law
constant used to calculate the equilibrium constant for chlorine partitioning [Sander et al., 2015].
constant and acid dissociation constant) compared to the default value of ISORROPIA II. While
there are several different values of the Henry’s Law constant for HCI in the published literature,
only one value was found for the acid dissociation constant of HCI from Marsh & McElroy,
1985, based on data taken in the ‘60s. Because ISORROPIA II only uses an effective equilibrium
constant, the single acid dissociation constant from Marsh & McElroy, 1985 was used to
calculate effective equilibrium constants from published physical Henry’s Law constants in order
to make a comparison to possible values ISORROPIA II could use.

The published values of effective equilibrium constants range across several orders of
magnitude with slightly different temperature dependency values. However, quoting only the
range of these values is somewhat misleading. The highest value of the Henry’s Law constant,
published in Seinfeld, 1986 textbook, has since been updated in more recent editions to be the
value quoted in Marsh & McElroy, 1985. As pointed out in a recent literature review of Henry’s
Law constants [Sander et al., 2015], the basis for the value in Seinfeld, 1986 was not clearly
stated in the original work. Young et al., 2013 uses the absolute range of Henry’s law constants
shown in the table above to justify multiplying the Henry’s Law constant of Marsh & McElroy,
1985 by 100 in order to bring the E-AIM modeled chlorine partitioning into agreement with their
observed chlorine partitioning, stating that the factor of 100 keeps the equilibrium constant
within the range of published values. However, if the Seinfeld et al., 1986 value is neglected,

because it has been more recently updated in further works of the same author, this argument is
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no longer true and the value needed to bring their observations into agreement with E-AIM
modeling is an order of magnitude outside of published values.

Taking this into account, the range of effective equilibrium constant values is slightly
smaller, only over one order of magnitude, between 1.9x 10°— 3.5 x 10" mol® kg atm ™' at 298K.
Although the number of functions that predict a lower value of the effective equilibrium constant
(~ 1x 10° mol® kg™ atm™) is larger, this is because they are derived, using different methods,
from the same thermodynamic measurements reported in Wagman et al., 1982, as is the
ISORROPIA 1I default equilibrium constant for HCl. Therefore, the number of publications
quoting one end of this value cannot be used as a good metric of the confidence in a singular
effective equilibrium constant value, since they are all based on a single data source.

There are very few measurements of the thermodynamic parameters needed to calculate
the effective equilibrium constant of HCI, and all were made before 1965, upon which all of the

functions shown here, except Dean et al., 1992, are based. It would be beneficial to further
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Figure 15: a) Figure showing the predicted fraction of chloride in the particulate as a function of pH for four
different effective equilibrium constants. Shading shows the values possible for that function between the
temperature range 265K-298K, while the solid line shows its value at 273K. The dashed line shows pH=0.5
for which values are quoted in the table shown in Panel B b) Table showing the fraction of chloride in the
particulate as predicted by all of the functions at T= 273K, pH= 0.5, and LWC=1x 10° gm”
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research involving the impact of halogens in the troposphere, if new data were taken using
modern technology to constrain the value of the effective equilibrium constant for HCI.

Figure 15 shows the predicted fraction of chloride as a function of pH at particle liquid
water content of 1.0 x 10 g m™ for several of the different effective equilibrium constants over
the temperature range 265-298K. Here it can be seen that the Seinfeld, 1986 value, which has
since been revised, and the Young et al., 2013 value would both predict that > 93% of the total
chloride present would be in the particle during standard WINTER temperatures, liquid water
contents, and pHs. Because such high levels of HCI(g) were observed during WINTER, the
chlorine equilibrium defined by such a high effective equilibrium constant would imply
extremely high levels of particle chloride must be present, indicating furthermore, that these
values are likely too high to be realistic. For example, if the WINTER marine boundary layer
median HCI of 1014 pptv only represented 7% or less of the total chloride, as the largest two
functions would suggest, then more than 21 pug m™ of chloride would have to be present in the
particle phase at STP, which is much greater than observations suggest, even including the
coarse mode contributions.

The default ISORROPIA II effective equilibrium constant value is the lowest of all

published values at 273 K, and raising it would put more of the total chloride into the particle at

_ Kuy [HOI(g)]

(H7] ) However, the default ISORROPIA II equilibrium constant in the

equilibrium (torean

Base +Cl run, already overestimated the amount of chloride in the particle relative to the
measurements. Therefore, raising the effective equilibrium constant value at 273K in
ISORROPIA 1II towards literature values would only bring the model into more disagreement

with the WINTER measurements by predicting a higher amount of particle chloride present.
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Using ISORROPIA 1I to predict the particle pH, liquid water content and activity
coefficients, it is possible to compare the implied equilibrium constant from the WINTER data to
that which is currently in ISORROPIA II and other values published in the literature. Figure 16
shows the comparison of the WINTER data’s implied equilibrium constant when the Base + Cl
predicted pH, liquid water content, and activity coefficients are used with the CIMS HCI
measurement and AMS submicron chloride measurement in the following expression:

_ [HHer] ( gl )2

“~ [HCI \LWC
where K is in units of mol*ekg o «atm™, [H'], [CI'], and [HCI] are in

molem™,;; and LWC in units of kgem™., and yc is unitless.
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Figure 16: a) Figure showing the implied equilibrium constant as a function of temperature, colored by pH
from the outputted ISORROPIA II HCI and CI” concentrations, pH, LWC, and activity from the lterated
NaCl simulation compared to literature functions assuming ideality and activity coefficients equal to 1

b) The implied equilibrium constant as a function of temperature, colored by predicted pH, from the
measured HCI and CI” concentrations during WINTER and ISORROPIA II predicted pH, LWC, and activity
coefficients from the Base+CI simulation. Box and whisker plots show the medians of data within a
selected temperature range.

**Function also derived in Brimblecombe & Clegg, 1989 and Carslaw et al., 1995
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Panel A in Figure 16 shows that the implied equilibrium constants after the ISORROPIA II
Iterated NaCl simulations have been completed. In this simulation, sodium chloride was added
until the total chlorine partitioning matched, thereby forcing the equilibrium constant to be
correct. The only reason for deviation from the ISORRROPIA II function shown in the key is
that the function assumes the solution is ideal and the activity coefficient to be 1, whereas, for
many of the lower pH cases, that is not true. It is also possible to apply the same method to the
actual WINTER data in order to extract an implied equilibrium constant that was observed
during the campaign. By fitting an exponential to the median of the data binned by temperature
during the WINTER campaign for conditions in which the equilibrium constant was not affected
by extremely large or extremely small values (i.e. HC1 > 100 pptv, CI" > 0.01 pgem™, and LWC
> 0.5 pgem™, and yc; < 3), a function was derived that represents the median equilibrium constant
observed during WINTER. Shown in black in Figure 16, the observation-based equilibrium

constant was found to be:

1 1
6 27, —2 -1
Kcq = 4.553 x 10” exp [3012 (T — 298.15)] (mol kg, in,atm )

Notably, this function does not significantly change the implied value of the equilibrium constant
at 298 K, it suggests raising it slightly from the value currently within ISORROPIA II, 1.916 x
10° m012-1<g'2501n «atm™ to 4.553 x 10° molz-kg'zsoln -atm'l, which is well within the range of
published values, even excluding the two highest functions. However, the WINTER data
suggests a significantly lower temperature dependency of the equilibrium function of 3012 K
compared to the published literature values of ~6800-9200 K.

It should be noted that this function was derived using chloride measurements that do not
contain contributions from sea-salt. If the true amount of particle chloride is slightly larger than

what was measured by the AMS, then the implied equilibrium constant would actually increase,
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thereby bringing it into closer agreement with published literature functions implying that this is,
ultimately a lower limit of the effective equilibrium constant for HCI.

The ideal ambient data set collected to use in this work would be size resolved aerosol
composition of all anions (CI' SO4*, NO;3") and cations (NH, ", Na") and gas phase contributions
of HCI, HNOs, and NH3 at a high time resolution, with low detection limits for all, and that was
able to detect both non-refractory and refractory contributions from sea salt components. The
AMS data used in all ISORROPIA II simulations, while precise, do not consider the
contributions to submicron chloride from sea-salt. And even the estimates of the amount of
submicron sodium chloride derived from the iterated NaCl simulation are only valid if the
equilibrium constant for chlorine partitioning is correct in the model. With a more accurate, and
simultaneous measurement of particle and gas phase compounds used in this analysis that did
contain sea-salt contributions of particle chloride, the remaining uncertainty in the value of the
effective equilibrium constant of HCI could be resolved.

This work illustrates that small pH changes can significantly impact the chorine
partitioning, because HCl is more sensitive pH changes than its other counterparts, it is
partitioned to the gas phase first as pH changes. The results presented herein highlight the need
for the development of a simultaneously precise, accurate, and comprehensive measurement of
aerosol ionic composition, with low limits of detection at high time resolution to definitively
constrain the phase partitioning of reactive chlorine. While the disagreement in ISORROPIA 1I'’s
ability to reproduce the observed gas-particle chlorine partitioning during WINTER can be
explained by small amounts of missing sodium chloride, it cannot rule out the possibility that the
effective equilibrium constant for HCl is incorrect and that the temperature dependency of the

function should be lowered. This work specifically demonstrates the sensitivity of this chemistry
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to small uncertainties that could, ultimately, change the conclusions of the results presented if
such new comprehensive data sets are taken and used to extract meaningful information on the
thermodynamics of chlorine partitioning Ultimately, although previous studies have concluded
that the inclusion of submicron sea salt components does not impact fine particle pH
significantly enough to impact the model’s ability to precisely and accurately predict nitrate
partitioning [Guo et al 2017], which are reconfirmed here, I have presented evidence that those
same impacts are enough to sway its ability to accurately predict fine particle chlorine
partitioning, which is more sensitive and derived a function for the effective equilibrium constant

observed during the WINTER campaign.

6 CONCLUSION

A new comprehensive data set of reactive chlorine observations in the troposphere is
presented here. It is in good agreement with most prior literature data, and is available to use for
constraints on attempts to model reactive tropospheric chlorine chemistry and its far-reaching
impact on air quality and climate. Over both the ocean and land, the overall inorganic chlorine
budget was dominated by gas phase HCl and particulate chloride. The total amount of all
inorganic chlorine compounds was nearly 3 times larger over the ocean than over land within the
bottom 1.5km of the atmosphere. Submicron chloride was a significantly larger percentage of
the overall particulate chloride sampled over continental regions than it was over land. Elevated
levels of HCI(g) routinely upwards of 500 pptv are seen below 1.5km over the ocean when
compared to continental regions with the exceptions of very large directly emitted plumes from
power plants that can easily exceed 1 ppbv. Observations show 0-20% of available, submicron

non-refractory chlorine partitions into the particle (0 - 0.2 g m™,y) at sufficiently high relative
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humidities, low temperatures, and pH above 0.8. Although, the thermodynamic model of the
system initially significantly over-predicted the amount of chloride in the particle and under-
predicted gas phase HCI, suggesting instead, that 20-50% of the total available, non-refractory
chlorine should be found in the particle (up to 0.5 ug m™.ms), the discrepancy could be explained
by small amounts of fine-mode refractory sources of chlorine, like sea-salt that the measurements
could not capture. As Figure 10 demonstrates, the amount of additional sodium chloride needed
to explain the model-measurement disagreement in gas-particle chloride partitioning is less than
what the PILS would be able to detect for nearly all of the flights during the WINTER campaign.
Therefore, a reasonable amount of fine mode aqueous sodium chloride could explain the chlorine
partitioning disagreement without significantly perturbing the nitrate partitioning (or overall
aerosol pH). Furthermore, a slight decrease in the temperature dependency of the HCI effective
equilibrium constant function used in ISORROPIA II could also explain the model-measurement
discrepancy. The function derived for the equilibrium constant here represents a lowest estimate
of it from direction observations in the atmosphere providing a novel constraint on the value.
Ultimately this work highlights the sensitivity of the chlorine partitioning in ISORROPIA II to
even minor input changes and routinely made assumptions that critically affect the model’s
ability to accurately predict particle chloride concentrations that must be considered when it is
used in a global chemical transport model, like GEOS-Chem, to dynamically parameterize

heterogeneous halogen chemistry & its numerous downwind affects on air quality and climate.
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