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Ambient 0.5 Hz hydrogen chloride (HCI) measurements were made in Canadian cities to
investigate chlorine activation and constrain the tropospheric chlorine budget. Springtime HCI
mixing ratios in a coastal city (St. John’s, NL) were up to 1200 parts per trillion by volume (pptv)
with median of 63 pptv and were consistently elevated during daytime. High-time resolution
measurements allowed attribution of events to general sources, including direct emissions. Most
coastal HCI was related to sea salt aerosol acid displacement (R1) and chlorine activation.
Continental urban (Toronto, ON) wintertime HCI mixing ratios reached up to 541 and 172 pptv,
with medians of 67 and 11 pptv during two sampling periods characterized by different wind
directions. The absence of consistent relationships with NOx, temperature, and wind direction, as
well as a lack of diurnal patterns, suggested uncharacterized direct sources of HCI. One period
with road salting occurred during sampling, but no relationship to changes in HCI observations
was found. The contribution of road salt to the measured HCI may have been masked by larger
contributors (such as direct sources of HCI) or perhaps the relationship between HCI and road salt
application is not immediate and thus additional measurements over multiple salting events or
between seasons would be required. GEOS-Chem modelled HCI temporal variations in mixing
ratio agreed well with coastal measurements only. Measured mixing ratios were underestimated
by the model in both locations, but to a greater degree (up to 3 orders of magnitude) in the
continental city. The discrepancy between the model and measurements for the continental
wintertime city emphasizes the need for greater understanding of direct sources of HCI and the

impact of road salt.

Keywords: hydrogen chloride, reactive chlorine, cavity ring-down spectroscopy, GEOS-Chem,

emissions, marine, continental, wintertime, road salt
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Introduction

Reactive gas-phase chlorine (CI") are species that can readily produce the chlorine atom
(CINO2, HOCI, Clz, Cl202, CIONOz, CIO, CIOO, OCIO, BrCl, ICI). Atmospheric CI* has been
shown to impact the production of tropospheric ozone (O3),* which negatively affects both human
lung function and vegetation.>® Ozone is produced photochemically through the oxidation of
volatile organic compounds (VOCSs) by hydroxyl radical (OH) and catalyzed by nitrogen oxides
(NOx = NO + NO2). Chlorine atoms react similarly to OH in this cycle, but can produce more
ozone per mole.* The chemical mechanisms responsible for this are not yet fully understood. The
chlorine atom is also up to several times more reactive towards certain VOCs, relative to OH, and
so can have a disproportionate impact towards the atmospheric budget of certain species-for

example CHa.®

Total gas-phase inorganic chlorine (Cly) includes all CI” species and hydrogen chloride
(HCI). HCI acts as a major atmospheric reservoir of chlorine® and makes up the bulk of
tropospheric Cly.” It is directly emitted from coal combustion®, industrial sources (e.g. mining),’
and biomass burning.® Formation of HCI also occurs through chemical reactions, two of which
are thought to dominate in the troposphere.!*? The first is acid-displacement in which condensed
phase soluble chloride (e.g. NaCl) reacts with another atmospheric acid (e.g. nitric acid, HNO3)
with HCI released into the gas phase (R1). The second is chlorine atom hydrogen abstraction (R2)
from an organic molecule (RH). Chlorine atoms can be regenerated from heterogeneous chemistry
that follows HCI partitioning back to aerosols. It can also be generated by the reaction of HCI with

OH (R3), although this reaction is of minor importance in the troposphere.*3

NaClg) + HNO3g = HCl(g) + NaNOz(ag) (R1)
RH + Cle = HCI + Re (R2)
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HCI + sOH — Cls + H,0 (R3)

HCI is predominantly removed from the troposphere through dry and wet deposition®, which are
both major sinks for Cly. HCI has also been shown to potentially enhance haze and fog formation
in Delhi, India via gas-particle partitioning with aqueous aerosol, resulting in non-refractory
particulate chloride.'* Given its importance in the makeup and fate of Cly, high quality

measurements of HCI are essential to constraining the chlorine budget.

Most HCI measurements have been previously made using carbonate-coated annular
denuders (e.g. *°) or mist-chambers (e.g. 16), which provide measurements on timescales of hours
to days. The low time-resolution limits insight into rapid sources and sinks of Cly. Recent
development of higher time-resolution techniques for measuring tropospheric HCI include
chemical ionization mass spectrometry (CIMS) and online ion chromatography (IC).171819
Although these instruments are relatively widespread in the community, accurate calibration for
HCl is challenging. As a result, there have been few published high time resolution tropospheric
measurements of HCI including: ship measurements,?*2! aircraft measurements over coastal and
continental environments,®’ as well as coastal and continental near-surface measurements.???® The
majority of these measurements have been made in sea-spray impacted atmospheres, where the
acid-displacement mechanism of HCI production has been shown to dominate (R1). In general,
measurements of HCI range between ~10-700 parts-per-trillion-by-volume (pptv) across these
various environments.”?%22-% Cavity ring-down spectroscopy (CRDS) is an emerging method for

measuring in-situ HCI that has been shown to be accurate and reliable, with high sensitivity.?22426

A few atmospheric models have included comprehensive Cly chemistry.52"2® A recent
model developed by Wang et al. presents a simulation of tropospheric chlorine made with GEOS-

Chem.® It has explicit inclusion of chlorine mobilization from sea salt by acid-displacement of
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HCI, as well as other heterogeneous processes. The GEOS-Chem model-predicted HCI compares
well to surface and aircraft measurements in marine and rural-remote continental environments.
Models have not been as extensively tested against surface HCI measurements in continental
regions.?®

In this work, we use a CRDS to make ambient 0.5 Hz HCI measurements in polluted coastal
(St. John’s, Newfoundland and Labrador) and continental (Toronto, Ontario) locations in Canada.
These are high-time resolution surface measurements of HCI with high sensitivity and precision.
We compare our observations to other measurements and model estimates of HCI made for
locations expected to have similar chemistry, then use our measurements to assess chemistry and
sources of Cly. Finally, we compare our measurements to the most recent representation of Cly

chemistry in the GEOS-Chem model.

Methods

Measurement Locations and General Conditions

Atmospheric measurements were performed in two locations in Canada (Figure S1): i) St.
John’s, Newfoundland and Labrador (47.5728°N, 52.7225°W, 42 m above sea level) and ii) the
Air Quality Research Station at York University, Toronto, Ontario (43.7738°N, 79.5071°W, 220
m above sea level). The St. John’s measurements were collected from April 4-17, 2017 in a
polluted marine boundary layer (BL) environment during early spring. The Toronto measurements
were performed over two periods: from February 23-28, 2018 (denoted Period A) and from March

9-15, 2018 (Period B). Both were polluted urban continental atmospheres during winter.
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HCI Measurements

Measurements of HCI were performed with two different Picarro G2108 HCI CRDS
Analyzers with a precision of £0.2 %, with a measurement frequency of 0.5 Hz. The instrument
and its application towards tropospheric measurements are described in detail in Furlani et al.?® In
Furlani et al. it is stated that the response time of this instrument with a similar inlet setup to an
on-off modulation of >10 ppbv HCI was 2-6 minutes.?® We anticipate the response times of the
system used here to be better than the previously described laboratory system due to several sharp
features lasting <1min that were observed throughout our sampling periods. In St. John’s, the
lowest observations from the end of five days of continuous rain were used as background. In
Toronto, the background was determined by overflowing the CRDS inlet with zero air and
recording the observed value after a stable reading was obtained (approximately 60 minutes).?°
These background levels were determined both before and after performing measurements. The
average of the two was used as the background. The backgrounds for St. John’s and Toronto were
measured to be 2517 and 25x+1pptv, respectively. Measured HCI data was corrected by subtraction
of the background values for each location. The systems have background-corrected 0.5 Hz and 1-
hour detection limits (LOD=3c) of 20 and 3 pptv for the St. John’s system, and 4 and 3 pptv for
the Toronto system, respectively. The CRDS utilizes a 3-mirror high finesse cavity and a
distributed feedback laser centered at 5739.2625 cm™ to select for the vibrational absorption band
of H*CI and H*'CI. The three high-reflectivity mirrors allow the instrument to attain a high path
length of ~20 km. Three in-line filters before the CRDS cavity were used to prevent bias from
particulate matter (PM). The first filter was a 2 um polytetrafluoroethylene (PTFE) filter contained

in a perfluoroalkoxy alkane (PFA) filter holder located ~2 cm upstream of the CRDS. The second



130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

and third filters are built-in high efficiency particulate air (HEPA) filters installed within the

CRDS, before the optical cavity.

In St. John’s, a diaphragm pump was used to pull a flow of 10 L/min through a 2.4 m long
Y4 inch PFA inlet. The HCI was sub-sampled at 2 L/min through a ¥ inch PFA tee into a 10 cm
inlet line of the CRDS, resulting in an inlet residence time of about 1 second. By sub-sampling at
a 90-degree angle from the 10 L/min flow, the amount of PM that can accumulate on the filters
upstream of the instrument is reduced, particularly the coarse mode. The end of the inlet was
located 4’ below a large rain shelter. The inlet for the Toronto campaign was composed of 6 m of
Yainch PFA tubing with a flow rate of 2 L/min, resulting in a residence time of about 13 seconds.
The end of the inlet was fitted with a PTFE total suspended particulate inlet and rain cap. The
sampling line was located inside a temperature-controlled room set to ~24°C. A potential negative
bias under high RH conditions (RH >50 %) caused by inlet losses has been characterized for HCI
measurements made with this CRDS.?® The average RH was 61+19 % and 8515 %, in Toronto
and St. John’s, respectively, which could lead to a negative bias up to 15 %, such that our reported
mixing ratios represent lower limits. For comparison of HCI with supporting measurements or
model output, the 0.5 Hz data was averaged onto the timescale of the lowest-frequency

measurement.

Supporting Measurements

Supporting measurements for the St. John’s observations included solar irradiance, NO and

NO2 (=NOx), Os, and meteorological conditions. Meteorological data was obtained from the St.

John’s International Airport weather station (Table S1), approximately 5 km N of the sampling
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site (47.62° N, 52.75° W). Solar irradiance was obtained from a regional weather station (47.38°N,
53.12°W) ~40 km W of the inlet location, due to the failure of a local irradiance sensor.
Measurements of NOx and O3z were acquired from the National Air Pollution Surveillance (NAPS)

Station (47.56° N, 52.71° W), ~2 km SE of the sampling site.

Additional measurements in Toronto were co-located with the HCI measurement, with
chemical measurements sharing the same inlet. An American EcoTech EC9841 measured NO and
NO:2 by chemiluminescence (Warren, RI; LOD = 400 pptv), an American EcoTech Serinus 10
measured Oz by UV absorption spectrophotometry (LOD = 500 pptv), and a HOBO S-LI1B-M003
Solar Radiation Smart Sensor measured irradiance (paired with a HOBO H21-USB Micro Station
data logger). Measurements of Os and NOx were obtained at 5-minute resolution, while solar
irradiance was recorded every minute. Molybdenum converters found in chemiluminescence
instruments can lead to interferences from some NO: species (e.g. HONO and HNQO3) as they can
also be converted to NO along with the desired NO2. Even though the NO2 measurement from this
technique is technically NOz+NOz, we will refer to it as “NO2” throughout since NO2 mixing ratios
are typically much greater than NO; in the polluted urban environment of Toronto. Complimentary
meteorology measurements were obtained from the York University ESSE Meteorological
Observation Station (~0 m NW of the sampling site, Table S1). Air quality data (NO, NOz, Os,
and PM25s) was obtained from government monitoring stations across Toronto, which include
Toronto North (~4 km NE of sampling site), Toronto East (~20 km SE of sampling site), Toronto
Downtown (~16 SE of sampling site), and Toronto West (~8 km SW of sampling site) stations

(Figure S2).

GEOS-Chem Simulations
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Simulations of HCI levels were done in GEOS-Chem version 11-02d (http://www.geos-
chem.org) corresponding to the sampling times and locations described above. The model includes
a detailed representation of 0zone—-NOx-VOC-particulate matter—halogen chemistry, with an
updated comprehensive treatment of chlorine chemistry.® The model is driven by GEOS-FP
(Goddard Earth Observing System — Forward Processing) assimilated meteorological fields from
the NASA Global Modeling and Assimilation office (GMAQ) with native horizontal resolution of
0.25°x0.3125° and 72 vertical levels from the surface to the mesosphere. The simulation was
conducted at that resolution over North America (60°-130°W, 10°-60°N), with dynamical
boundary conditions from a global simulation with 4°x5° resolution. For the St. John’s site (42 m
above sea level), the model surface layer is presented for comparison with observation, which

represents ~=998-1013 hPa (==0-123 m above sea level). For the Toronto site (220 m above sea

level), the second layer of model is presented for comparison, which represents about 983-998 hPa

(~123-254 m above sea level). The simulation included only natural sources for inorganic

chlorine species. Supplementary data (i.e. NO and Os) was also simulated for the Toronto

observation periods. All modeled results are presented as hourly mean values.

Results and Discussions

HCI Observations

Coastal HCI mixing ratios (Table 1, Figure 1) ranged from < 20-1210 pptv (median of 63
pptv), with higher levels of HCI generally observed in the daytime. Previous measurements of HCI
in coastal environments made with online IC and time-of-flight chemical ionization mass
spectrometers (TOF-CIMS) have shown similar ranges with maximum levels of HCI between 140-

4500 pptv.1230-33 We observed numerous (7) events of short-lived elevated HCI (on the order of
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one to several hours), most of which (6) occurred during daytime. Five of these daytime events
(April 9, 10, 11, 14 and 16) and the one nighttime event (night of April 6/7) showed fast HCI
mixing ratio increases, >90 pptv/hr. Short-term temporal trends will be discussed in the next

section.
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Figure 1: (A) Daytime (grey) and nighttime (black) HCI mixing ratios at 0.5 Hz, and solar
irradiance (orange) from a coastal region (St. John’s) in April 2017. Daytime here was defined as
7-18 h, representative of the average sunrise and sunset times for this observation period. (B)
Diurnal plot of HCI and NOx in St. John’s. The solid lines represent hourly means of HCI (black)
and NOx (purple), respectively. The grey and purple shaded areas represent one standard deviation
(o, pptv) for the measured HCI and NOX, respectively.

The continental HCI measurements (Table 1, Figure 2) yielded a range of < 4-541 pptv for
Period A and < 4-172 pptv for Period B, with medians of 67 and 11 pptv, respectively. Previous
continental HCI measurements have been made with low-time resolution techniques such as
denuders which have yielded high variability. Fewer high time-resolution measurements have been
made inland but these have seen similar ranges.*** Recently, HCI measurements were presented

by McNamara et al. in wintertime Michigan using ambient ion monitor - ion chromatograph (AIM-
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IC), with time resolution of 1 hour.*® Their upper range of HCI was similar to that of Toronto
(~240 pptv) with average levels between non-plume and plume periods being 126 + 6 ppt and 103
+ 6 ppt, respectively. However, most of the data presented was below their LOD of 90 pptv. In the
continental measurements, we observed three events (March 10, 11 and 12) in which HCI mixing

ratios increased by >60 pptv/hr, each lasting about 1 hour. These will be discussed in detail below.
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Figure 2: Daytime (grey) and nighttime (black) HCI mixing ratios collected at 0.5 Hz and solar
irradiance (orange) from Toronto Period A in February (A) and Period B in March (B) 2018.
Daytime here was defined as 7-18 h, representative of the average sunrise and sunset times for this
observation period.

Comprehensive speciated Cly measurements were made over the coastal ocean and
continental northeastern United States during the WINTER aircraft campaign, in February and
March 2015. These measurements made with the same instrument in both coastal and continental
locations provide a useful comparison for our observations. Median HCI mixing ratios over land
during WINTER were 113 pptv (nighttime) and 100 pptv (daytime), while those over ocean were
305 pptv (nighttime) and 329 pptv (daytime).” Our continental HCI measurements are comparable

to the over land mixing ratios. Our coastal measurements are lower than their mixing ratios



234  measured over the ocean. This may be a result of the lower population density around St. John’s
235  compared to the northeastern United States, which leads to lower NOx levels,” and subsequently
236 lower levels of the Cly precursors HNOs and N20s. Differences in seasonality may also drive
237  differences between our measured data and those of others in the continental setting as WINTER
238  occurred during February-March while the measurements in St. John’s occurred in April. Seasonal
239  variation in available OH (i.e. lower OH levels in winter) can drive seasonal variability in HNO3
240  production downwind of NOx sources.®® Consistent with the measurements described above, our
241  coastal HCI observations are higher than our continental observations (Table 1).
242 Table 1: Maximum, minimum, and median (overall, day, and night) mixing ratios of HCI
243  measured by CRDS and modelled by GEOS-Chem for coastal St. John’s and continental Toronto
244 sampling periods.
HCI (pptv)
Median  Median
Location Dates Type Rate Maximum Minimum Median Day Night
StJohn’s | April | Measured | 0.5Hz 120 | <20 | 63 | 96 45
%1177' Measured | 1hr | 1129 | 21 | 62 | 94 46
Modelled 1 hr 255 7.49 24.0 28.1 24.0
Toronto | February | Measured | 0.5 Hz 541 <4 67 58 67
(Period A) | 23-28, | Measured | 1hr | 446 | 12 | 65 | 59 71
2018 | Modelled | 1 hr 11.5 <1 <1 <1 <1
Toronto March | Measured | 0.5Hz 172 <4 11 15 9
(PeriodB) | 9-16, | Measured | 1hr | 137 | <4 | 11 | 14 9
2018 | Modelled | 1hr | 395 | <1 | <1 | <« <1
245
246  Coastal Measurements
247 In our coastal measurements there are multiday and hours-timescale features in the
248  observed HCI mixing ratios. The multiday features correspond to long and broad HCI cycles
249  lasting 1-2 days. We observed four of these cycles during our measurements. These cycles
250  exhibited continued HCI production lasting ~23 hours before reaching their maximum in daytime
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(Figure S3). The multiday features increased at an average rate of 10 x 4 pptv/hr before reaching
their maxima. Coastal environments have abundant chloride from both marine aerosol and
interface surfaces (e.g. ground and buildings) that can form HCI by reacting with HNOgz through
acid-displacement (R2).6 Maximum HCI during these periods (313 pptv) was reached in the mid-
afternoon (Figure 1B), which is generally consistent with the photochemical production and
accumulation of HNOs from measurements made in similar coastal locations.3*4° Although we do
not have measurements of HNOs, production is well-established to follow a reproducible diurnal
trend, typically maximizing shortly after solar noon.3#4*42 However, the sustained HCI during
nighttime cannot be explained by R2, suggesting another, as-yet-unidentified mechanism may be
contributing. The fast features (hours-timescale) had a higher rate of change in HCI compared to
the multiday ones. Most of the former were observed to maximize during daytime and one at night.
The single nighttime event was observed on the night of April 6/7, in which HCI levels rapidly
increased by ~50 pptv/hr (Figure S5). Based on news reports and wind direction, the observed
nighttime HCI is suspected to originate from an urban fire that occurred < 700 m from the sampling

location that destroyed a large building, releasing HCI from the combustion of its materials.

The highest HCI levels were observed during the daytime during three of these several-
hour cycles. During these events, mixing ratios increased at a rate of 165 + 27 pptv/hr (n=3),
reaching a maximum of 1060 + 157 pptv. These short-lived features were observed in the presence
of increased solar irradiance that occurred near mid-day (Figures 3, S4). The temporal relationship
between short-lived fast rates of change in HCI and available sunlight could be caused by several
factors. Meteorological changes that would be expected with increased sunlight include decreased
relative humidity and increased temperature and mixing. At elevated temperatures and low

humidity, with atmospheric composition held constant, a shift in thermodynamic equilibrium can
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occur. This could cause volatile particle chloride (e.g. NH4Cl) to partition into gas-phase HCI.
However, volatile chlorine-containing species are rarely observed in appreciable quantities under
atmospherically relevant conditions.**** We observed that changes in temperature and relative
humidity are temporally offset from the increases in HCI (Figure 3). This suggests that partitioning
is not the dominant source of the observed increase in HCI. At this location, average wind speeds
observed prior to the rapid increases in HCI mixing ratios were 6.5 m/s, which is within the range
of critical speeds (5-7 m/s) that ensure complete mixing in the BL.*® Entrainment mixing could
also be a source of HCI if levels are elevated aloft. Recent work showed that mixing ratios of HCI
have little vertical variation in the troposphere.*® In addition, measured HCI mixing ratios above
the BL and below 30km altitude®?*4" are generally similar to those observed near the surface,?23334
suggesting entrainment mixing is not a major source of HCI to the surface. In contrast, paired
surface and aircraft observations in coastal atmospheres have demonstrated enhancements of
CINO: aloft,*® which could serve as a source of CI* to the surface.” Lastly, direct emission of HCI
does not appear to be related to these events. According to the National Pollutant Release Inventory
(NPRI), there are no industrial sources of HCI on the island of Newfoundland. Combustion
processes also appear unimportant as levels of NOx are relatively constant during daylight hours
and not correlated with HCI (Figure 3). However, without direct tracers such as CO for
combustion, this cannot be completely ruled out. We argue that the most likely explanation for the
fast HCI events is photolysis of CI* with increasing irradiance as the source of our observed
daytime HCI. Photolabile CI” species such as CINOz and Cl2 are precursors to the chlorine atom
and may form from heterogeneous reactions on sea-salt aerosols present in this NOx-rich

environment. 1216
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Figure 3: Measurements for April 9, 11, and 16, 2017 in which short-lived increases of HCI were
observed in St. John’s. (A) HCI mixing ratios (black) and solar irradiance (orange); (B)
temperature (black) and relative humidity (turquoise); and (C) NOx mixing ratios.

Levels of photolabile CI* species that have been observed in the polluted marine BL and the
residual layer are high enough to generate the observed levels of HCI, specifically the reports of
CINO2 mixing ratios.” Those levels which have previously been observed are in the hundreds of
pptv to greater than 3 ppbv range in coastal cities of North America and could be mixed to the
surface from residual layer reservoirs formed at night.*”4° Due to the short lifetime of the chlorine
atom (e.g.>%), HCI is expected to form rapidly via its reaction with organics (R3). Maximum HCI
levels coincident with high solar irradiance occur around midday or early afternoon. For photolysis
of photolabile CI* to be the driving process, the reservoir would have to persist into midday (~6
hours after sunrise), rather than undergoing complete photolysis shortly after sunrise. In Pasadena,
California (34.14 °N) during late spring, CINO2 present at sunrise was fully photolyzed by noon

(~6 hours after sunrise) on sunny days.*® Mielke et al. observed the persistence of CINO2 and Cl>
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into midday (~7 hours after sunrise) in Calgary, Alberta (51.08 °N) during early spring.> During
April 2010 weather conditions in Calgary, which is ~3.5 °N of St. John’s, were sunny during the
daytime.>! Weather conditions during our measurements in St. John’s during April 2017 were a
mix of cloud, snow, and rain. This suggests irradiance in St. John’s was similar or lower than
Calgary and that CINO2 and Cl2 could persist well into the day. We observed that levels of HCI
reached their maximum on three days in April near mid-day and coincident with maximum solar
irradiance, consistent with a photolabile precursor photolysis source of HCI. Overall, we conclude
that acid-displacement, direct emissions, and photolysis are active in this coastal environment.
This dataset suggests that photolysis of photolabile precursors contribute to HCI accumulation
before noon and may also dominate HCI production on some days with elevated irradiance. Our
high-time resolution measurements allow us to better distinguish between these mechanisms and

understand their relative importance to the chlorine budget.

Continental Measurements

No repeatable temporal variations in HCI mixing ratio were observed in our continental
measurements. However, intermittent elevated mixing ratios of HCI were seen on February 23, 26,
and 27 (Period A), as well as March 12 and 15 (Period B), which occurred during both daytime
and nighttime. Elevated HCI levels that occurred during the morning do not have a reproducible
relationship with the typical diurnal pattern of traffic-related NOx, suggesting that combustion of
fuel by the transportation sector is not an important source of our measured HCI (Figures 4, S6,
S7). There is no clear evidence of the HCI temporal patterns that would be expected from acid
displacement (R1, i.e. local maximum midday to late afternoon) or Cl atom reaction (R2, i.e. local
maximum early to midday). High levels of NO were always present at our sampling site (confirmed

through comparison to the Toronto North Air Quality Station (Figure S2)), which would preclude
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local N20Os chemistry and subsequent formation of photolabile precursors, such as CINO2. This
may not be the case upwind of the observation site where N2Os formation and ensuing chemistry
with aerosol chloride could form HCI prior to the airmass intersecting the NO source. Regardless,
the morning increases in HCI that start around 4 am occur too early in the day to be attributed to
photolysis of labile Cl-atom precursors and is likely from primary emission sources of HCI and
chemical processing of Cl-containing aerosols (e.g. water treatment plants, electrical power
generators, refineries, waste disposal, and incinerators).2%>? We now consider each of these cases

in more detail.
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Figure 4: Diurnal plots of HCI and NOx for our Toronto dataset for Period A (A) and Period B
(B). Period A was February 23-28, 2018 (denoted Period A) and Period B was March 9-15, 2018
The solid lines represent hourly means of HCI (black) and NOx (purple), respectively. The grey
and purple shaded areas represent one standard deviation (o, pptv) for HCI and NOXx, respectively.
The grey dashed line represents the average sunrise time (~06:30).

Wind data for Period A (Figure S6) showed predominantly southwesterly winds, while

Period B showed predominantly northwesterly winds. These two wind regimes were verified using
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the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model back trajectories
(Figure S7).53%¢ The background levels of HCI always present at the sampling site for Period A
(74 + 4 pptv) were significantly higher (t-test: p<0.001) than Period B (11 £ 1 pptv, Figure 4, Table
S2). Difference in wind direction between the two periods (Figure S6) may indicate different
sources of regional pollution in the atmospheric fetch of the observation site. This is consistent
with observed trends of other pollutants in the Toronto area (e.g. O3°"). Southwest of our sampling
location are several potential sources of HCI, according to the NPRI, that may have contributed to

background levels of pollution including a waste management plant (=32 km SSW), a soap
manufacturing facility (=20 km SSW), as well as iron and steel mills (=63 km SSW). These

sources are reported to have emitted 0.07, 0.171, and 1.4 tonnes of HCI, respectively, in 2017.%8

The same database shows that no major HCI pollution sources exist within == 100 km northwest

of our inlet. This supports the assertion of regional pollution sources in the different air masses

during Periods A and B altering the observed background HCI mixing ratios.

We observed several cases of elevated nocturnal levels of HCI and NOx coinciding with
lower windspeeds and low temperatures. Although we do not have a direct measurement of BL
height this suggests that higher HCI is present during low BL height events. This occurred in
particular during Period B in which lower temperatures were observed (Figure S10). In Period A,
we observed elevated levels of NO between 14-52 ppbv, concurrent with rapid increases of HCI
at night with sharp transitions, especially on the night of February 27 (Figure S11). These
observations of high NOx mixing ratios were verified via comparison to the nearest government
air quality station (Toronto North, Figure S2). This suggests some transport of local emissions of
combustion-related HCI during Period A. The regional source of HCI was also located within the

nocturnal BL or we would not observe these elevated levels as the BL height decreased. The HCI
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event on the night of February 27 was not the only instance in which an abrupt decrease in wind
speed accompanied an increase in HCI. This type of event was prevalent throughout our sampling
period both during day and night. The ability to capture these sudden changes in HCI highlight the

utility of these high-time resolution measurements in capturing point, local, and regional sources.

A potential precursor of Cly that is not well understood is road salt, which can act as a
source of chloride directly, but also through road spray aerosol suspension and subsequent
deposition on other urban surfaces (e.g. as a component of grime).>® Urban centers and watersheds,
in particular, have been shown to be chronically saturated with chloride from road salt
application.®®®! Aerosolization has been estimated to remove 20-40% of the total salt from roads,
which in turn increases sodium and chloride PM2s levels in the winter.*1%? Road salt has recently
been identified as the primary source of aerosol chloride in an urban wintertime environment,
accounting for 80-100% of CINO: formation.® Road salt could also theoretically contribute to
HCI formation through acid displacement (R1), though this has not been quantified using ambient
measurements. During our Toronto sampling, there was one major snow event on March 12 and a
few isolated snow flurries (March 13 and 14) in which road salt and/or salt brine was applied to
ground surfaces.®*%4% The day of the snow event as well as the last day of Period B showed
sustained production of HCI starting in the early morning (Figure S12). The timing of the increase
suggests that fresh road salt may have temporarily facilitated formation of HCI through (R1) or
(R2). Meteorological conditions for these days can be seen in Figure S13. The most recent major
salting events prior to Periods A and B occurred 7 days before the start of sampling, on February
16 and March 2, respectively. Mass concentrations of PM2s chloride were obtained at three-day
intervals (Figure S12) from two NAPS stations within 10 km of our sampling site. Average mass

concentrations of PM2 s chloride across both stations were 0.04 + 0.01 and 0.17 + 0.11 pg/m?, for
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periods A and B, respectively. These are consistent with known salt applications during the two
sampling periods and previous PM2s chloride measurements made in a similar wintertime
continental urban environment.®? These suggest that road salt likely plays a role in Cly chemistry
in continental urban regions. However, because of the limited number of confirmed road salt
applications during our measurement period, we cannot directly relate observed HCI to these
applications. This emphasizes the need for improved understanding of the role of road salt as a

source of HCI in wintertime urban environments.
Model Comparison

To determine the magnitude of the discrepancy between the observations and known HCI
sources, a comparison with the recently updated GEOS-Chem chlorine scheme was made. The
GEOS-Chem model was able to reproduce the general background of HCI mixing ratios as well
as the temporal variations on certain days in the coastal environment but underestimated mixing
ratios by a factor of 2-5 (Table 1, Figure S15); while for the continental region, the model was
unable to reproduce variations in HCI mixing ratios and underestimated mixing ratios by 1-3 orders
of magnitude (Figures S16 and S17). Our measured HCI ranges are significantly greater than those
predicted in the simulation (t-test: p < 0.001 all locations, nearly all periods, Table S3). Diurnal
variations in HCI were predicted by the model for both locations, which we observed in coastal St.
John’s but not continental Toronto (Figures S15-S17). The model does not include direct sources
of anthropogenic HCI from the available emission inventory for our measurement locations
because they were created in the 1990s and have been shown to be inaccurate.??” A TOMCAT
simulation that included an emission inventory for HCI can be compared to our measurements.?’
That model is within a factor of 2 for St. John’s and 35 for Toronto, but always high (Figure S16).

As described above, our simulations which exclude direct emissions, are always lower than our
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measurements; being within a factor of 2-5 for St. John’s and 1-3 orders of magnitude for Toronto.
The same GEOS-Chem simulation we used recently was able to accurately reproduce chlorine
chemistry for China when a detailed chlorine emission inventory was included.?® From this we
conclude that direct emissions of HCI are crucial to constraining the chlorine budget, particularly
in continental areas. In addition, current schemes do not include road salt as a source of chloride
because information on source strength is lacking, despite the chemistry likely following that of
sea salt. Road salt is a major reservoir of chlorine in wintertime continental regions and there is
increasing evidence in the literature of its importance to the Cly budget.®®2 Direct sources of HCI
need to be identified and quantified, along with identifying the role of road salt and its chemical

processing, so that continental chlorine chemistry can be more accurately represented in models.

The model is generally more capable at predicting HCI levels measured in coastal areas in
comparison to our urban continental observations in Toronto. The role of direct sources is less
important in coastal environments as expected, and the aerosol chloride reservoir is simulated
accurately.® This supports our observations that the HCI levels in St. John’s seemed to be largely
affected by acid-displacement and photolabile precursors derived from marine chloride. Since
these Cl-reservoirs and their associated chemical mechanisms are more complete in the model, the
GEOS-Chem simulation for that location is more accurate. As described above, the observations
are consistent with a contribution from photolysis of photolabile CI* in the production of HCI in
coastal St. John’s. The ability of GEOS-Chem to credibly simulate CINO2 chemistry well may be
another reason as to why this location has better agreement with the simulations.® The
underestimate of measured coastal HCI is likely because the small city of St. John’s is the major

source of anthropogenic pollution in the model grid-box in which it is located, which could lead
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to a representativeness error (i.e. sampling error of the observation grid) between our ground

measurements and the spatially averaged model output.

Conclusion & Atmospheric Implications

Ambient measurements of HCI were made using high time-resolution (0.5 Hz) cavity ring-
down spectroscopy (CRDS) in a springtime coastal (St. John’s, NL) and wintertime continental
(Toronto, ON) region in order to better understand chlorine activation and constrain the chlorine
budget in the troposphere. Mixing ratios of HCI were up to 1200 and 541 pptv, respectively, in the
coastal and continental regions. Coastal measurements showed evidence for HCI production via
photolysis of photolabile precursors, resulting in rapid increases in HCI, as well as through acid
displacement. Continental HCI mixing ratios did not exhibit these features and instead seemed to
be more influenced by direct emission sources of HCI from local to regional scales. Although a
road salting event occurred during the sampling period it showed no obvious relation to measured
HCI, which may be due to a masking effect caused by more significant regional sources. Our
observations in both regions were compared to GEOS-Chem simulations. The modeled temporal
variations in HCI for the coastal region agreed well with our measurements on certain days but
modeled mixing ratios for the continental region underestimated measurements by up to 3 orders
of magnitude. These findings highlight the limitations of models in simulating a continental
wintertime city, indicating that a better understanding of direct HCI emissions as well as the

potential effects of road salt applications is needed.
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