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Abstract

Chlorine atom (Cl) initiated oxidation of volatile organic compounds (VOCs) yields hydrogen 

chloride (HCl) that can be detected using a high time-resolution cavity ringdown spectrometer 

(CRDS). We present continuous HCl measurements in the polluted marine boundary layer during 

the Halifax Fog and Air Quality Study (HaliFAQS) and demonstrate the efficacy of high time 

resolution measurements as capable of tracing photochemical Cl formation. Throughout the 

campaign HCl accumulated at a faster rate alongside high irradiance, particularly in the early 

morning. Bimodal HCl features were observed on the high irradiance days, consistent with two 

known photochemical processes: (1) morning photolysis of Cl precursors, and (2) midday 

photochemical nitric acid (HNO3) displacing HCl from chloride (Cl⁻) containing aerosols. 

Morning HCl rates of increase and irradiance were used to estimate nitryl chloride (ClNO2) present 

at sunrise. We modeled HCl for eight additional, individual days from the campaign based on this 

estimated ClNO2. The modelled HCl agrees well for six high irradiance days. It captures the 

features of the morning mode within the combined uncertainty of the estimated ClNO2 and a range 
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of dry deposition rates from the literature. Production of Cl from ClNO2 photolysis (P(Cl)ClNO2) to 

the production of hydroxyl radical (OH) from the photolysis of measured ozone (P(HOx)O3) was 

compared and P(Cl)ClNO2 was found to be 13% of P(HOx)O3 when considering the full day, and 

37% in the morning. Highly time resolved HCl observations can therefore be used to estimate 

nighttime ClNO2 and its influence on Cl morning tropospheric oxidation chemistry in polluted 

coastal atmospheres.

Environmental Significance Statement
Direct measurements of chlorine atoms do not exist despite their importance to atmospheric 
oxidation chemistry that regulates air quality and the fate of pollutants. Measurements of 
molecules that are rapidly destroyed by sunlight to yield a chlorine atom require sophisticated 
instrumentation run by highly trained personnel. Simple high time resolution techniques that can 
provide estimates of chlorine atoms and their precursors, such as that for hydrochloric acid by 
cavity ringdown spectrophotometry, can provide a potential alternative. Field observations in 
Halifax, Canada found that this technique was capable of such an estimate. We found the chlorine 
atom contributing a third of measured radical sources in the morning, as has been reported for 
other polluted coastal atmospheres with more sophisticated instrumentation.

1. Introduction

Tropospheric chlorine (Cl) chemistry influences the fate of atmospheric chemicals, including 

ozone (O3), methane, and volatile organic compounds (VOCs).1,2 Atomic Cl reacts rapidly with 

VOCs and can contribute to poor air quality through enhancement of the formation of ozone and 

other secondary atmospheric pollutants by increasing and altering the chemistry of atmospheric 

oxidation.3,4 Despite the potential importance of Cl to atmospheric chemistry, many uncertainties 

remain and many air quality models omit chlorine and other halogen chemistry leading to less 

accurate modelling.5 As there are no methods currently able to measure ambient Cl, levels are 

commonly inferred through models that monitor major sinks (e.g., methane loss via R1, wherein 

R is CH3).6–8 or through measurements of precursors. Several compounds can undergo common 

photochemical reactions to yield a Cl atom (e.g., HCl, Cl2, HOCl, ClO, NCl3 and ClNO2) and are 
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collectively known as (Cly). Studies to date (e.g., 7–12) have shown the dominant sources of Cl are 

photolysis of ClNO2 (R2), Cl2 (R3), trichloramine (NCl3, R4), hypochlorous acid (HOCl, R5),  

reaction of HCl with hydroxyl radicals (OH, R6), as well as photocatalytic release from mineral 

dust-sea spray aerosol containing iron (III) chloride complexes.

Cl + RH → HCl + R R1

ClNO2 + hv → Cl + NO2 R2

Cl2 + hv → 2Cl R3

NCl3 + hv → Cl + NCl2· R4

HOCl + hv → Cl + OH                                          R5

HCl + OH → Cl + H2O R6

In the marine boundary layer, the dominant Cly processes that dictate Cl atom production in the 

morning and afternoon are ClNO2 photolysis (R2) and HCl reaction with OH (R6), respectively.7,8 

Formation of ClNO2 occurs primarily at night because the dominant formation mechanism (R6, 7) 

requires reaction of a highly photolabile species (i.e., NO3) that does not exist at appreciable levels 

during the day.8,13–19 This, combined with the photolability of ClNO2 itself, limits its importance 

in most locations globally to Cl production in the morning. The importance of formation of Cl 

through reaction of HCl typically tracks the abundance of OH, which maximizes near solar noon. 

For example, along the Santa Monica Bay of Los Angeles, Riedel et al. found that ClNO2 

photolysis and reaction of HCl each accounted for 45% of the integrated Cl atom production over 

the entire day, with their maximum contributions occurring at approximately 09:00 and 13:00 local 

time, respectively.8
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NO3 + NO2 ⇌ N2O5  R6

N2O5(g) + Cl⁻(aq) + H+
(aq) → ClNO2(g) + HNO3(aq) R7

Once formed, the dominant fate of Cl is abstraction of a hydrogen from a VOC (RH) to form HCl 

(R1).7 Thus, it is possible that high time resolution HCl measurements could be used to track 

reaction R1 and act as a proxy for Cl concentrations. This approach would be reasonably expected 

to be complicated by direct emissions or other secondary chemical sources of HCl, which include 

mobilization of chloride (Cl⁻) from sea spray aerosol (SSA) through acid displacement (R8, where 

M is a cation and HX is a strong acid).20–25 

HX(g) + MCl(s or aq) → MX(s or aq) + HCl(g) R8

The most common acid and salt combination for HCl acid displacement are nitric acid (HNO3) 

and sodium chloride (NaCl, found in SSA), particularly in marine and coastal atmospheres.26,27  

The rate of acid displacement in the marine boundary layer is typically limited by HNO3, for which 

the dominant source is the termolecular reaction between NO2 and OH, mediated by a third body 

(M, R9). Therefore, the production of HNO3 is greatest when OH is highest and NO2 is abundant, 

which is typically midafternoon in moderately polluted environments.28–31 Thus, the HCl 

accumulation rate from this pathway should maximize around the same time.

OH + NO2 + M → HNO3 + M R9

Thus, there is a temporal separation between the two major sources of HCl, with photolysis of 

ClNO2 occurring within a few hours after sunrise, and acid displacement following shortly after 

the solar maximum. Thus, it could be possible to distinguish the two mechanisms using sensitive, 

high time resolution HCl measurements. 
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 Tropospheric HCl levels commonly range from 10 to 1000 parts per trillion by volume 

(pptv).32–35 In-situ high-time response measurements are challenging due to the fact HCl is a 

surface-active gas that readily sorbs to inlet materials.34,36 Online measurements on the order of 

seconds to minutes have been generally accomplished by chemical ionization mass spectrometry 

(CIMS),34,37–39 but emerging spectroscopy-based techniques have been shown to have desirable 

qualities for field deployment, including high accuracy, atmospherically-relevant detection limits, 

simple operation, and portability.32,36,40–42 In-situ high time-response measurements provide more 

information on HCl sources and sinks when compared to traditionally-used methods which rely 

on time integrated (2 hours – days) scrubbing of ambient air followed by offline analysis.26,33   

Marine boundary layer observations with high time response instruments have indicated that Cl 

activation chemistry to produce ClNO2 is promoted in coastal urban locations, yet this chemistry 

has rarely been explored in a Canadian context, despite having several highly active ports and an 

extensive coastline. Observations of low levels of ClNO2 ~35 km from the Pacific Ocean in 

Abbotsford, British Columbia suggested that production was restricted to the nocturnal residual 

layer as insufficient O3 for NO3 formation was available in the nocturnal boundary layer.43 In 

contrast, observations of NO2 and NO3 from Saturna Island suggested that ClNO2 activation over 

the Salish Sea within the nocturnal boundary layer could proceed readily.44 In the latter study, 

enhancements in O3 production in transported air masses were identified as a potential 

consequence of this Cl activation chemistry.

In this study we measured HCl at high time resolution with a cavity ringdown spectrometer 

in late spring/early summer in the Canadian coastal city Halifax, which is home to a highly active 

port, for the Fog and Air Quality Study (HaliFAQS). Supporting measurements of other ambient 

pollutants (e.g., O3, NOx, formaldehyde) were used to explore the potential role of Cl activation 
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chemistry and it impacts on atmospheric oxidation processes. We identified HCl formation 

mechanisms; inferred the contribution of ClNO2 photolysis to Cl formation; and compared the 

estimated Cl atom source to other radical sources to situate the utility of this technique and compare 

the potential role of Cl to other coastal urban locations around the world.

2. Methods

2.1 HaliFAQS campaign

Sampling was conducted as part of the HaliFAQS ground based atmospheric chemistry field 

campaign in Halifax, Nova Scotia, Canada (population ~400,000) from May 25 to June 25, 2019. 

All measurements were made from the rooftop lab of the five story St Mary's University Student 

Centre building (44°37'55.8"N, 63°34'48.4"W, ~50 m above sea level, including building height). 

The outdoor temperatures ranged from 5–25 °C (mean of 13.3 °C) and the RH ranged from 26–

98% (mean of 76%). The site was predominantly influenced by air masses arriving from the 

Atlantic Ocean (east) via the port entry of Halifax, as shown in Figure S1.  Measured by container 

volume, the port of Halifax is the fourth largest port in Canada and connected to more than 150 

countries via 18 direct shipping lanes.45 The port is integrated into the downtown area of the city 

and located roughly 1.5 km from the measurement site. Emissions (e.g., NOx) from this shipping 

traffic may influence some of the chemistry reported in this study.

2.2 Hydrochloric acid (HCl) measurement

Gaseous HCl was measured at 0.5 Hz using a cavity ring-down spectrometer (CRDS, Picarro 

G2108). The CRDS measures absorption of the first overtone of HCl at 5739 cm-1. The limit of 

detection was 18 pptv for a 30 second integration time, and the accuracy of the instrument has 

been validated by intercomparison.42 Further details on the application and validation of this 
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instrument for making atmospheric measurements is described in detail in Furlani et al., (2021).42 

All indoor inlet lines and fittings were kept in a thermostated room that fluctuated from 25–30 °C. 

All inlet lines and fittings were made of perfluoroalkoxy alkane (PFA) unless stated otherwise. A 

full schematic and description of the sampling inlet indicating the separation between the outdoor 

and indoor inlet line lengths, analyzers, and flows is provided in Section S2 and Figure S2 of the 

Supporting Information. 

2.3 Supporting measurements and variables

Supporting measurements for the HaliFAQS campaign were collocated with the HCl inlet 

and included NO, NOx, O3, formaldehyde (HCHO), solar irradiance, and meteorology 

(temperature, pressure, relative humidity, wind speed and direction). The NO and NOx were 

measured using the chemiluminescence of NO (American EcoTech EC9841), with NO2 converted 

to NO with a molybdenum converter for the NOx measurement and NO2 determined by difference. 

The O3 was measured using UV absorption spectrophotometry (American EcoTech Serinus 10). 

Gas-phase HCHO (spectral window 2745–2800 cm-1) was measured using open-path Fourier 

transform infrared spectroscopy (OP-FTIR) with additional details in Section S2.45 Timeseries for 

these supporting measurements are provided in Figures S1 and S3. 

Solar irradiance measurements (kW m-2) were captured using a HOBO S-LIB-M003 Solar 

Radiation Smart Sensor paired with a HOBO H21-USB Micro Station data logger. A Davis 

Vantage Pro 2 weather station was used to monitor outdoor pressure, temperature, wind speed, and 

wind direction, with sensors mounted on an ~3 m mast above the rooftop for an overall height of 

~ 28 m above ground level. Planetary boundary layer height was extracted for the campaign period 

from the Environment and Climate Change Canada (ECCC) High Resolution Deterministic 

Prediction System (HRDPS) Global Environmental Multiscale (GEM) model (2.5-km resolution) 
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forecast archives (Figure S4).46 Photolysis rate coefficients were calculated using the National 

Center for Atmospheric Research (NCAR) tropospheric ultraviolet and visible (TUV) radiation 

model-version 5.3.47

2.4 Box model for estimating mixing ratios of morning ClNO2 and resulting HCl 

production

Using our observations and the variable determinations from the prior section, a box model 

was developed to first estimate the mixing ratio of ClNO2 present from the preceding night, 

followed by a model determination of the overall contribution ClNO2 could make to the observed 

HCl. The box model is constrained to this Cl precursor because past studies have shown that the 

dominant photolabile Cl precursor in North American marine atmospheres is ClNO2 at sunrise, 

with Cl2 generally playing a minor role (< 10%),8,38 though recent measurements in Asia have 

reported the regional importance of Cl2.3 The photolysis of ClNO2 leads to the production of Cl 

(R2), for which the dominant fate is rapid H-abstraction with an organic to form HCl (R1). In Los 

Angeles, HCl formation was estimated to range from 69-77 % of the total Cl reactivity. This 

conversion efficiency (CE) of Cl to HCl would be expected to be higher in atmospheres with lower 

quantities of inorganic pollutants (e.g., NOx).7,48 Hydrogen abstraction would in turn dominate the 

production of HCl from Cl, as acid displacement would require substantial production of HNO3 

and therefore require NOx.

This process would be expected to maximize the rate of HCl production on days with clear-

sky irradiance available in the early morning. In such a situation, it is reasonable to assume that 

HCl mixing ratios accumulated above the pre-dawn baseline originate from R2 and R1, while also 

being continuously deposited to the ground surface within the planetary boundary layer (PBL). 

That is, we can assume the rate of HCl formation is proportional to the photolysis rate of ClNO2. 
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The change in HCl concentration (ΔHCl) term in E1 was determined for 15-minute intervals in 

this campaign, calculated as the deposition-corrected difference between two consecutive 

measurements (i.e. [HCl’]t – [HCl’]t-1, where [HCl’] is the deposition-corrected mixing ratio). The 

accumulation of HCl in E1 then describes the amount originating from the photolysis of ClNO2, 

when assuming the yield from Cl is 100%.

ΔHCl = 𝑗𝐶𝑙𝑁𝑂2([𝐶𝑙𝑁𝑂2]𝑖 ―ΣHCl)Δt      (E1)

The Δt term is the change in time for each 15-minute interval (equivalent to 900 seconds) and is 

considered from 04:30 (about one hour before sunrise) to 10:30, which is the time when we assume 

ClNO2 has fully photolyzed. All times are 24-hr format and presented in Atlantic Daylight Time 

(ADT). The [ClNO2]i represents the mixing ratio of ClNO2 present at sunrise; and ΣHCl is the sum 

of HCl formed since sunrise (i.e. the sum of all ΔHCl values up to the current pair of consecutive 

measurement intervals in E1). 

Since HCl is a strong acid, it readily deposits to the ground surface from the PBL like HNO3, 

which means the term is necessary to capture in the box model. Deposition was considered for the 

determinations of both ΔHCl and ΣHCl where we generated two sets of the independent variables 

that correspond to low (1 cm s-1 or 1x10-2 m s-1) and high (6 cm s-1 or 6x10-2 m s-1) deposition 

velocities. This range is derived from those reported for HCl and HNO3 in the literature, where a 

range of 1 –5 cm s-1, is often reported for marine environments.34,49,50 The topography of the city 

of Halifax is expected to have a higher surface roughness in comparison to open ocean, so a higher 

upper limit of the deposition velocity range is reasonable to explore. A 1 cm s-1 increase compared 

to the reported values brings the upper limit of this study to 6 cm s-1, which is consistent with 

findings for HNO3 in forested environments.49 Here, our model encompasses as much of the 

uncertainty from this parameter as possible to demonstrate the need for more field observations, 
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which are highly limited at present.51 Then, using the GEM modelled PBL height (hPBL; m)  and 

measured HCl, loss via deposition (LHCl,dep; molecules m-3 s-1) was calculated as the ratio of the 

deposition velocity (vdep; m s-1) to the PBL height multiplied by the HCl number density (molecules 

m-3) as in (E2). These range limits are valuable as the deposition velocities of HCl are not certain 

and heavily dependent on surface roughness and loss mechanisms of HCl at the surface.

LHCl,dep = 
𝑣𝑑𝑒𝑝

ℎ𝑃𝐵𝐿
 [HCl]                        (E2)

The losses via deposition were multiplied by the length of time over which the loss occurred (Δt; 

s)  and the value was added to the HCl measurements ([HCl]; molecules m-3) to obtain a deposition-

corrected HCl production expressed as a concentration ([HCl’]; molecules m-3), as in E3, prior to 

calculation of the ΔHCl and ΣHCl independent variable sets for E1. 

[HCl’] = LHCl,dep Δt + [HCl]                                                                            (E3)

Accounting for deposition in the model is expected to reduce bias in the subsequent regression 

analysis described below. Using the TUV model, photolysis rate coefficients (e.g. jClNO2) were 

then calculated under clear-sky conditions, also at 15-minute intervals. The clear-sky j-values were 

scaled to observed irradiance using the ratio of 15-minute measured irradiance to the theoretical 

maximum clear sky irradiance at each time point (see SI, Section S1).47,52–54 

We identified study days in which photolabile Cl precursors were likely to be major 

contributors to observed HCl using the criteria of an early morning with irradiance at or near clear-

sky conditions and with a fast accumulation of HCl mixing ratio – tens to hundreds of pptv per 

hour. We also selected control days that had a low morning irradiance relative to the campaign 

average and a slow rate of change in HCl. In total, we examined eight days from the observational 

dataset. The three measurement-derived variables ΔHCl, jClNO2, and ΣHCl were then used to 
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determine [ClNO2]i for each day. The initial ClNO2 determination was conducted using a least-

squares regression analysis with a custom fitting function for E1 in Igor Pro 8 (Wavemetrics, OR, 

USA). The best time interval to predict this initial amount across all examined days was subject to 

a sensitivity analysis (Section S3, Table S1), which evaluated the relative error in the linear fit as 

the metric to quantify our assumption of linear accumulation (Table S2). This test found that 8:00 

to 10:30 ADT was the most robust period to determine the initial ClNO2 used in the model. All 

model results returned reasonable mixing ratios of ClNO2 present at sunrise (tens to a couple 

hundred pptv; Tables S1 and S2) and consistent with reports from other North American coastal 

cities.8,39,55,56 Meanwhile the entirety of the modeling period simply followed the prescribed HCl 

production and loss processes. Each day had two calculated [ClNO2]i values which could then be 

used to compare to the observed rate of change in HCl, when being inclusive of the uncertain 1 – 

6 cm s-1 deposition loss range. 8,49 

With the calculated initial ClNO2 concentrations and the jClNO2 values corrected for 

irradiance, the HCl concentrations can be modelled for each 15-minute time period within a full 

day, starting from a baseline value. This is achieved through the calculation of the new HCl 

production at each time step through ClNO2 photolysis after sunrise and the addition of this to any 

previously formed HCl, that has been corrected for dry deposition loss from both 1 cm s-1 and 6 

cm s-1 velocities. The HCl determination was parsed further for a range of yields from the 

production of Cl atoms via R1, ranging from 100% (representing a theoretical upper limit) to 77% 

CE (Section S4, Table S3). Using this model, HCl at a given timepoint ([HCl]t; molecules m-3) can 

be calculated by adding the accumulated [HCl] at the previous time point ([HCl]t-1; molecules m-

3) to the newly produced HCl since that time, which is calculated using the photolysis rate constant 

(JClNO2; s-1) of ClNO2, the irradiance correction factor (ICF) for this value, the CE, and the ClNO2 
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concentration at a given time, and subtracting the loss of HCl that occurred in the intervening time 

as described by E2. The HCl concentration at a given time is thus calculated (E4).

[HCl]t = [HCl]t-1 +  jClNO2(ICF)(CE)[ClNO2]tΔt  - 
𝑣𝑑𝑒𝑝

ℎ𝑃𝐵𝐿
 [HCl]t-1 Δt.                                   (E4)

2.5 Radical production comparison for Cl and HOx in Halifax

Two days were selected for calculating radical production: June 13 and 18—both of which 

exhibited good correlation between modelled and measured HCl (R2>0.85, Figure S5). The 

[ClNO2]i corresponding to high and low HCl deposition conditions was calculated and the 

midpoint of the range for each day was used to calculate Cl production. Photolysis of [ClNO2]i 

was then calculated in 15-minute intervals using the matched temporal irradiance-normalized 

photolysis rate coefficients from TUV. We assumed no sources of ClNO2 existed after sunrise.

We calculated hydrogen oxide (HOx ≡  OH + HO2) primary radical production by using 

surface level measurements of O3 (R9-11) and HCHO (R12–13). 

O3 + hv → O2 + O(1D) R9

O(1D) + M → O(3P) + M R10

O(1D) + H2O → 2OH R11

HCHO + hv → H + CHO R12

H + O2 + hv → HO2 R13

Photolysis rate coefficients for O3 (jO3) and HCHO (jHCHO) were calculated following the same 

procedure as described above for jClNO2. Ozone measurements for 13 and 18 June were averaged 

to 15-minute intervals and combined with jO3, pressure, and RH to calculate the production of OH 

(P(HOx)O3). Formaldehyde was diurnally averaged across several similar days that includes the 
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two study days, due to the limited period of observations within the overall campaign. The diurnal 

HCHO measurements were then averaged also to 15-minute intervals and the reaction of H atoms 

with molecular oxygen (R13) was assumed to be instantaneous, such that it could be used to 

determine P(HOx)HCHO.

3.  Results and discussion

3.1 HCl measurements and sources

Measurements of HCl during HaliFAQS ranged between a daytime maximum of 572 pptv 

and a nighttime minimum of 55 pptv, with a 24-hr mean value of 97 pptv (Figure 1). In most 

instances, HCl levels were higher during the day than at night and were elevated when originating 

from the southeast (Figure S6). We typically observed higher HCl on days accompanied by high 

solar irradiance (Figures 2 and S7). These trends are generally consistent with the literature (Tables 

1 and S4), where HCl formation has been attributed to be a consequence of photochemical 

processes, either acid displacement by photochemically-generated HNO3 (R8, R9) or reaction of 

photochemically-generated Cl with organics (R1). The HCl levels in Halifax are midrange 

globally, situated between the higher, more extreme values for locations like Los Angeles, USA 

and lower values for remote areas like Antarctica (Table 1). 
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Figure 1. Mixing ratio timeseries of HCl from May 25 to June 25, 2019, for the HaliFAQS 
campaign. The colored scale represents colocated irradiance measurements. 
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Table 1. Summary of selected global measurement ranges of HCl mixing ratios in the marine 
boundary layer reported after December 2000. Numbers in brackets represent the mean campaign 
values. Where mixing ratios are presented with ‘<’, this indicates the method detection limit. If a 
detection limit was not reported, the lower limit was given a value of zero.

Country City/Region Date Method HCl (pptv) Reference

Canada Halifax, Nova 
Scotia

May–June 
2019 CRDS 55–572 (97) This study 

(2019)

Canada St John’s, 
Newfoundland

April 
2017 CRDS <20–1210 (63) Angelucci et al., 

(2021)32

USA
Northern 
California 

Coast

February–
March 
2015

Iodide CI-
TOF-MS 100–380 (199) Haskins et al., 

(2018)38

USA
Southern 
California 

Coast

February–
March 
2015

Iodide CI-
TOF-MS 530–2700 (1300) Haskins et al., 

(2018)38

Cyprus N/A
July–

August 
2014

Iodide CI-
QMS <135–3000 (790) Eger et al., 

(2019)37

USA
Central 

California 
Coast

May–June
2010

Acetate CI-
TOF-MS 0–2800 (440) Crisp et al., 

(2014)34

USA
Southern 
California 

Coast

May–June
2010

Acetate CI-
TOF-MS

0 to >16000 
(2200)

Crisp et al., 
(2014)34

USA

Pasadena, 
California & 
San Joaquin 

Valley, 
California

May–June 
2010

Acetate CI-
TOF-MS & 

AIM-IC

<55–5950 (830) 
& <19–776 (84)

Tao et al., 
(2022)57

Cape 
Verde

Sao Vicente 
Island

May–June 
2007

Tandem 
Mist 

Chamber/IC
50–600 Lawler et al., 

(2009)58

USA Appledore 
Island, Maine

July–
August 
2004

Tandem 
Mist 

Chamber/IC
5–5800 (600) Keene et al., 

(2007)26

Germany 
to South 
Africa

Eastern North 
and South 
Atlantic

October–
November 

2003

Tandem 
Mist 

Chamber/IC
20–1400 Keene et al., 

(2009)33

Antarctica Dumont 
d'Urville

December 
2000– 

December 
2001

Tandem 
Mist 

Chamber/IC
30–300

Jourdain and 
Legrand, 
(2002)59

USA to 
Canada

South 
Carolina 

Coast

July–
August 
2002

Tandem 
Mist 

Chamber/IC
<25–4500 Keene et al., 

(2004)60
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Elevated levels of HCl observed at night most likely result from direct emissions.32 For 

example, suspected direct emissions of HCl were observed during the nights of May 27 and June 

6 (Figure 1). Low levels of observed HCl and irradiance from May 26 — June 6 were coincident 

with fog formation events and overall cloudy local conditions. Incidences of light rain during this 

timeframe could promote wet deposition loss of HCl as well. Temperatures tended to be lower 

during this period and would be expected to correspond to a less mixed boundary layer, with 

potential stratification. Such a situation might explain some of the rapid and unpredictable changes 

(e.g., May 29 at ~ 14:00) in HCl from horizontal advection or mixing entrainment from aloft. 

Our results are similar to those reported using the same technique in another Atlantic 

Canadian city (St. John’s, Newfoundland and Labrador, ~900 km northeast of Halifax; Table 1) in 

early spring.32 The HCl levels for our dataset were higher than those observed in St John’s (63 

pptv). The greater overall irradiance that occurred during HaliFAQS could be more effective at 

accessing HCl precursor reservoirs. However, the maximum value observed in St John’s (1220 

pptv) also coincided with high irradiance and actually exceeded our highest observed value during 

HaliFAQS, suggesting that reservoir species may have been abundant. The results from both 

studies suggest a substantial photochemical relationship between precursors and daytime HCl 

production. To further determine the importance of photochemical processes, we examined diurnal 

trends sorted by irradiance levels. We defined high irradiance days as those within 25% of the 

maximum integrated irradiance observed during HaliFAQS, making any remaining days classified 

as low irradiance (Figure 2 and S7).
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Figure 2. Diurnally averaged hourly observations of HCl for the full HaliFAQS campaign. 
Measurements are separated by days with high and low irradiance. See the text for a description 
of the definition of high and low irradiance days. Shaded areas represent the standard deviation in 
the hourly HCl measurement.

We observed bimodal features in many high irradiance days, with the center of the HCl 

modes maximizing at 10:00 and 14:00 ADT. On some high-irradiance days, we observed only a 

single mode corresponding to high HCl in one of either the morning or afternoon periods. The 

bimodal feature could infer that two photochemical mechanisms previously established as HCl 

sources are driving its production in the marine boundary layer. The mechanisms are the photolysis 

of photolabile Cly to explain the earlier peak and acid displacement of regional sea spray aerosol 

Cl- by HNO3 for the later peak. Both photochemical mechanisms are important for HCl production 

and are heavily influenced by NOx pollution.32 Figure S9 illustrates a parameter space wherein the 

two mechanisms both require high irradiance to enhance HCl mixing ratios, but one also correlates 

with our estimated production of HNO3, while the other is independent of it. Thus, the independent 

mechanism occurs when OH is low, and our estimated production of HNO3 is small regardless of 

NO2 abundance. In such a scenario, the elevated accumulation rate of HCl is likely to be from Cl 

H-abstraction processes (R1). The HNO3-dependent mechanism shows a smaller increase in HCl 
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overall, as expected due to the series of reactions required to reach the acid-displacement step of 

R8. 

These two HCl production pathways rely on many of the same external factors such as 

irradiance, NOx and Cl⁻ containing SSA. Examining the relationship between HCl, time of day, 

and irradiance, can provide insight into the relative importance of these two pathways. Days with 

an observed afternoon mode of HCl formation (e.g. June 7 and 17) saw a maximum feature occur 

between 14:00–18:00 ADT, which is consistent with the expected maximum in photochemical 

production and reactive uptake of HNO3 for acid displacement on sea salt aerosol, which is 

ubiquitous in coastal atmospheres. Determining the contribution from these two mechanisms is 

complex and heavily dependent on the temporal and spatial trends of daily local precursor 

emissions. We observed that quick-rising HCl in the morning that led to a mid-day maximum often 

coincident with elevated irradiance. The relationship between irradiance and HCl in the early 

morning in 22 of our 31 measurement days suggests photolysis of photolabile precursors as a likely 

mechanism (Figure S8). Only one day, May 28, had high morning irradiance and a low rate of 

accumulation of HCl, which is consistent with limited to no Cl precursor production the previous 

night and/or it not being available at the surface where our measurement was located throughout 

the morning hours. Due to the strength of the relationship with irradiance, the formation of HCl 

from photolysis of photolabile precursors was explored further using our developed box model 

(Section 2.4). 

3.2 A box model to explore HCl formation and assess the contribution of photolabile Cly to 

radical formation

The box model was used to predict HCl mixing ratios at 15-minute time resolution from the 

photochemical production of Cl atoms, initiated from an estimate of ClNO2 present at sunrise 
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(Figures 3, S10, S11, and S12). While this approach to modelling HCl does not include other 

parameters that could affect the HCl mixing ratio, including direct emissions or advection, vertical 

mixing, and acid displacement there is little evidence of these processes being substantial 

contributors during the selected days from this campaign. We expect the majority of our HCl 

observation days to be dominated by acid displacement, as reported in a previous study in coastal 

Canada.32 The range of reactivities/conversion efficiencies that was used in this model (77-100%), 

as introduced in Section 2.4, is an estimate based on a previous study in Los Angeles.7 Due to the 

location- and condition-dependent nature of this reactivity, this relatively wide range was chosen 

to encompass  uncertainties in regard to this, and it is reflected in the resulting range of modelled 

HCl (Figure 3). Another assumption made is that ClNO2 is the only photolabile Cl precursor that 

yields HCl and our estimates are in reasonable agreement with the literature (Tables S1 and S2). 

Attempts to include relevant levels of Cl2 (1-20 pptv) were found to have a negligible influence on 

the predicted HCl magnitude and trend. This is consistent with observations of low Cl2 relative to 

ClNO2 in other coastal locations.4,8,56 Therefore, it was not included in the HCl model for Halifax. 

Simulating and comparing to the measured HCl allows us to evaluate the estimation method as an 

indirect measure of ClNO2 as the Cl source, but in reality, it represents a combined outcome from 

all photolabile Cl atom reservoirs and other uncaptured processes represented chemically as 

ClNO2. Similarly, we know that reservoirs may form aloft and mix to the surface during the 

morning breakup of the nocturnal boundary layer,55 which would be captured by our model 

estimate of morning ClNO2 equivalents. However, our model cannot capture a scenario where HCl 

produced aloft at night is mixed to the surface.

Predicting the HCl generated from the photolysis of our estimated precursor (see [ClNO2]i 

in E1) and comparing it to the measured HCl that originates from all atmospheric processes is used 

Page 19 of 37 Environmental Science: Atmospheres

E
nv

ir
on

m
en

ta
lS

ci
en

ce
:A

tm
os

ph
er

es
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 1
/9

/2
02

6 
2:

08
:5

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

DOI: 10.1039/D5EA00115C

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ea00115c


20

here to illustrate that early morning changes in HCl concentration resemble the trends expected 

from a photolabile Cl precursor. The sum of photolabile Cl precursors agrees with the temporal 

increase of the measured HCl in the morning, even when entirely represented by ClNO2 as an 

assumption in the model. It even has the ability to explain observed HCl beyond the 10:30 AM 

boundary of the data initially used to constrain the model (Figures 3, S10, S11, and S12). Most of 

our study days show good agreement between predicted and measured HCl throughout the 

morning and midday. Based on the model-observation comparison shown across Figures 3, S10, 

S11, and S12, we can characterize the observed diurnal pattern of HCl as: (i) days with primarily 

early morning HCl formation; (ii) days with both morning and afternoon formation of HCl; and 

(iii) days with overlap between these two mechanisms but an overall undistinguishable dominant 

mechanism.

Figure 3. Measured HCl (black) and modelled HCl (blue) predicted from photolysis of the initial 
ClNO2 estimated for (a) June 18 (category (i) day) and (b) June 7 (category (ii) day). Blue shading 
indicates the uncertainty in the modelled HCl from the range of deposition velocities and 
conversion efficiencies. From top to bottom, the 4 modelled traces are those for 100% CE and 1 
cm s-1 deposition velocity, 77% CE and 1 cm s-1 deposition velocity, 100% CE and 6 cm s-1 
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deposition velocity, and 77% CE and 6 cm s-1 deposition velocity. Dotted traces represent 77% CE 
cases while solid lines indicate the 100% CE cases. The yellow vertical line denotes time at sunrise 
and the cyan section of the measured HCl trace indicates the period used to estimate the amount 
of initial ClNO2 present in the first part of the box model. Note that the y-axis scales differ between 
the panels.

The days that solely have HCl production in the morning mode (category (i)) were June 13 

and 18, with the model-measurement results of the latter depicted in Figure 3 and the former in 

Figure S10; these days had a single early and fast-rising HCl peak that coincided with high 

irradiance in the early morning. The absence of a strong afternoon peak of HCl on these days is 

due to low availability of our estimated photochemical HNO3 which would have driven acid 

displacement on the abundant regional sea spray aerosol. This is consistent with the observed NO2 

being lower on these days (~5.5 ppbv) compared to ~15 ppbv on days with an observed second 

mode, as well as the clear separation of HCl mixing ratio from our HNO3 proxy in many instances 

(Figure S9), but not all of them (Figure S13). In the latter situation, note that our estimated HNO3 

proxy is not quantitative and assumes an excess availability of chloride for displacement reactions. 

While we do not expect to capture the entirety of the HCl magnitude, variance, or trend with our 

model, the very close match in all of these metrics between measurement and model data on these 

days strongly supports our hypothesis that ClNO2 photolysis is driving a substantial amount of the 

morning through midday production of Cl, and ultimately HCl, in the polluted marine boundary 

layer of Halifax. Generally, the deposition velocity of 1 cm s-1 and Cl to HCl conversion efficiency 

of 77 % produce the most comparable model HCl mixing ratios when they are elevated above the 

initial baseline. The high deposition velocity model results best capture the return of the HCl 

mixing ratios to the baseline later in the day. The deposition velocity for this environment appears 

to lie closer to 1 cm s-1 rather than 6 cm s-1 from our exploration of this parameter space but may 

change with local micrometeorology and surface roughness over time, which is beyond the scope 
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of this work. The use of high time resolution HCl measurements that are similar to the timescale 

of ClNO2 photochemistry, in a location where this precursor is expected to be readily formed, are 

critical to undertaking further analysis.

The days on which two clear peaks of HCl were observed (category (ii)) were June 7 and 17, 

with the 7th depicted in Figure 3 and the 17th in Figure S11. The predicted HCl agrees with the 

measurement magnitude and trend early in the day but deviates later in the afternoon and early 

evening. This suggests that the peak mixing ratio and rate of increase corresponding to the morning 

mode for HCl was influenced by photolytic formation of Cl, while the production later in the day 

was likely caused by acid displacement. These bimodal days illustrate that the two competing 

chemical pathways in daily HCl production are very likely active. For example, the availability of 

proxy HNO3 on June 7 is present throughout the day and is elevated an hour or two before peaks 

in HCl mixing ratios are observed where the Cl-precursor reservoir cannot explain the temporal 

trend (Figure S13). This is consistent with the slower timescale of acid displacement chemistry 

compared to that of radicals.

The days that had an indistinguishable dominant mechanism (category (iii)) were June 3, 5, 

15, and 19 (Figure S12). It is possible that direct emissions or other HCl sources could be 

influencing HCl levels on these days. June 3 and 5 were days where irradiance was <10% of 

maximum daily integrated irradiance and had some of the lowest observed levels of HCl (40 and 

48 pptv, on average, respectively; Figure S12). These also had some of the poorest agreement 

between model and measurement but did result in a good comparison for June 5 despite 

photochemical mechanisms for either daytime HCl source being strongly suppressed.

Including HCl measurements more routinely at higher time resolution for atmospheric 

measurements in coastal locations, particularly those that are urban and can activate halogen 
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radical chemistry, could provide a valuable complimentary approach to inferring Cl chemistry 

along with the additional, more complex and resource-intensive instrumentation, that is currently 

used most often. Conversely, to study HCl atmospheric chemistry mechanistically, direct 

measurements of at least NOx, O3, NO3, N2O5, ClNO2, Cl2, NCl3, and HNO3, as well as aerosol 

composition, at high time resolution are ideal to provide a better basis on which to interpret and 

differentiate direct emissions and the photochemical sources for HCl in the marine boundary layer. 

This could lead to a better understanding of their relative contributions to initiating radical 

production and propagation.

3.3 Estimated influence of Cly as a primary radical source 

We used the predicted Cl atoms formed from photolysis of ClNO2 (P(Cl)ClNO2) for the two 

days with high irradiance and a single morning mode to assess the strength of this radical source 

compared to other major radical sources (Figures 5 and 6). It should be noted that this is a radical 

source comparison and not a full radical budget, since we were unable to determine radical 

production from all of the primary radical sources (e.g., HONO) that have been shown to be 

important in urban areas.61–63 Due to this, the influence of Cl, as will be discussed below, should 

be interpreted as an upper limit as including these additional primary OH precursors would 

decrease Cl‘s contribution. Here, P(Cl)ClNO2 was determined from the lower, and therefore 

conservative, estimate of [ClNO2]i. As seen in Figure 4, photolysis of O3 (R9) and the subsequent 

reaction of O(1D) with water (R11) to yield OH (P(HOx)O3) is the dominant radical producer during 

HaliFAQS, followed by photolysis of HCHO (R12, P(HOx)HCHO), and finally P(Cl)ClNO2. Despite 

this, the contribution of Cl atoms to the morning radical population in Halifax is important relative 

to these other radical sources. The timing and impact are different because P(HOx)O3 and 

P(HOx)HCHO both peak near midday, while production of Cl from ClNO2 peaks in mid-morning, 
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around 10:00 am (Figure 4). On June 13, P(Cl)ClNO2 was 8% of P(HOx)O3 when considering the full 

day, and 19% when considering the 06:00-12:00 period of the morning (Figure 5). On June 18, 

P(Cl)ClNO2 was 13% of P(HOx)O3 when considering the full day, and 37% when considering the 

same morning period. Comparisons to other reports are limited, as only a few studies have 

calculated both P(Cl)ClNO2 and P(HOx)O3. A radical budget from the CalNex campaign in Los 

Angeles during the summer of 2010 reported that P(Cl)ClNO2 was 11% of P(HOx)O3 when averaged 

over eight sunny days and 37% in the same period of the mornings.62 Radical production in Halifax 

on June 18 was lower in absolute terms for P(HOx)O3 by approximately 45%, 90% lower for 

P(HOx)HCHO, and 50% lower for P(Cl)ClNO2.62 Despite the maximum radical production being 

approximately half that observed in Los Angeles, the relative contributions of P(Cl)ClNO2 and 

P(HOx)O3 are similar. 

High levels of ClNO2 in the morning will photolyze yielding Cl atoms that initiate oxidation 

and radical propagation earlier with respect to most OH radical sources. Another primary source 

of Cl atoms that has been shown to be important in polluted coastal areas is reaction between OH 

and HCl (R6).7,8 We cannot estimate its importance during HaliFAQS, but it likely also contributed 

to the available Cl. In the NOx-saturated O3 regime that characterizes many urban areas including 

Halifax,64 Cl atoms have a greater impact than OH on radical propagation and O3 formation.48
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Figure 4. Comparison of major ground-level radical sources: P(HOx) from reaction of O(1D) from 
O3 photolysis with water (blue), P(HOx) from diurnally averaged HCHO photolysis (red-orange), 
and P(Cl) from predicted ClNO2 photolysis (yellow-orange), for (a) June 13, and (b) June 18. 
Traces are stacked so the upper limit is the cumulative radical production.
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Figure 5. Integrated ground-level radical production during the HaliFAQS campaign for three 
radical sources: P(HOx) from reaction of O(1D) from O3 photolysis with water (blue), P(HOx) from 
diurnally averaged HCHO photolysis (red-orange), and P(Cl) from predicted ClNO2 photolysis 
(yellow-orange) for (a) June 13 and (b) June 18 showing radical contributions for both the full day 
and the morning (06:00 –12:00).

4. Conclusions

In this work we made continuous, high time-resolution measurements of HCl in a coastal 

urban atmosphere during the HaliFAQS field campaign. Our inferred Cl activation chemistry and 

HCl levels are consistent with the limited observations in coastal locations around the world and 

these processes are likely present in any NOx-polluted coastal areas. Bimodal peaks of HCl during 

days with high solar irradiance showed the presence of two photochemical production 

mechanisms. The first mode is consistent with the photolysis of Cl precursor compounds, and the 

second is most likely originating from HNO3 acid displacement of HCl from chloride-containing 

aerosol.

We used the rate of change in measured HCl on 6 high irradiance mornings to calculate an 

equivalent Cl contribution from ClNO2 as the most frequently observed and demonstrated 

precursor to HCl. The predicted HCl from the photolysis of the determined initial ClNO2 showed 
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good agreement for high irradiance days when using the 8:00 to 10:30 AM prediction period 

identified through our sensitivity analysis. Due to ongoing uncertainty around some HCl processes, 

we modeled the system with boundary conditions for the continual loss of HCl by deposition for 

low (1 cm s-1) and high (6 cm s-1) velocities, as well as conversion efficiencies of Cl to HCl of 77 

and 100%, which is likely to encompass the conditions found in most urban environments. The 

resulting morning time trend and range of predicted HCl matched best for 1 cm s-1 and 77% CE, 

with agreement declining on days when a second afternoon HCl peak likely originating from 

HNO3 chemistry was present, or when light levels were low. The higher deposition velocity 

models performed better in approximating the return to the initial baseline values. On June 18, the 

most photoactive day for Cl chemistry, it was possible to determine through a radical source 

comparison that P(Cl)ClNO2 contributed radicals at a relative abundance of 13% to P(HOx)O3 across 

the entire day, increasing to 37% when considering the morning in isolation.

Photolabile Cly impacts air quality through both the early onset of radical formation and the 

differing reactivity of Cl atoms compared to OH radicals. In polluted coastal areas that are in a 

NOx-saturated O3 formation regime, Cl atoms have a greater impact on air quality than OH 

radicals.48 Thus, it is important to include Cl in considerations of coastal urban air quality. To 

estimate the importance of Cl oxidation chemistry in the polluted marine boundary layer, we show 

here that high time resolution measurements of HCl could be used as an alternative to speciated 

Cly measurements, provided that future campaign intensives reach the same conclusion with full 

instrument suites capable of high time resolution speciated Cly, VOCs, speciated NOy, size-

resolved particulate and surface chloride measurements, and chemical models.
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