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Abstract

Gas phase hydrogen chloride (HCl) was measured at Pasadena and San Joaquin Valley (SJV) 

ground sites in California during May and June 2010 as part of the CalNex study. Observed 

mixing ratios were on average 0.83 ppbv at Pasadena, ranging from below detection limit (0.055 

ppbv) to 5.95 ppbv, and were on average 0.084 ppbv at SJV with a maximum value of 0.776 

ppbv. At both sites, HCl levels were highest during midday and shared similar diurnal variations 

with HNO3. Coupled phase partitioning behavior was found between HCl/Cl− and HNO3/NO3
− 

using thermodynamic modelling and observations. Regional modeling of Cl− and HCl using 

CMAQ captures some of the observed relationships but underestimates measurements by a factor 

of 5 or more. Chloride in the 2.5-10 μm size range in Pasadena was sometimes higher than 

sea salt abundances, based on co-measured Na+, implying that sources other than sea salt are 

important. The acid-displacement of HCl/Cl− by HNO3/NO3
− (phase partitioning of semi-volatile 

acids) observed at the SJV site can only be explained by aqueous phase reaction despite low 

RH conditions and suggests the temperature dependence of HCl phase partitioning behavior was 
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strongly impacted by the activity coefficient changes under relevant aerosol conditions (e.g., 

high ionic strength). Despite the influence from activity coefficients, the gas-particle system was 

found to be well constrained by other stronger buffers and charge balance so that HCl and Cl− 

concentrations were reproduced well by thermodynamic models.

Plain language summary:

Despite the known importance of gas-particle partitioning in chlorine activation chemistry, the 

sources and atmospheric fate of HCl and particulate Cl− requires further study. HCl concentrations 

and the corresponding phase partitioning mechanisms with Cl− in PM2.5 were studied through 

field measurements and modelling as part of the CalNex field campaign. The measurements 

confirmed that gas phase HCl was the dominant component of atmospheric chlorine and suggested 

that even though the current modelling can explain the diurnal variation of HCl, the mixing ratios 

were severely underestimated. Temperature dependence of Cl− replacement reaction by HNO3 

was observed at one site. This study suggests further model development and field observations 

of HCl, as well as more reliable understanding of HCl phase partitioning behavior are needed to 

better predict the atmospheric fate of HCl and Cl−.

I. Introduction

The Earth’s atmosphere is an acidic/oxidizing medium through which a range of 

trace chemical elements are cycled and transformed. Chlorine cycles through the lower 

atmosphere primarily as chloride (Cl−) on particles, and hydrogen chloride (HCl) in the 

gas phase, with some contribution from Cl−containing organics [Keene et al., 1999]. The 

conversion of these more inert forms of chlorine to active chlorine (i.e., chlorine atoms 

and associated radicals) can initiate photochemical oxidation. Observations have shown 

that reaction of N2O5 with Cl−-containing particles to form nitryl chloride (ClNO2) is a 

significant pathway for chlorine activation [Ahern et al., 2018; Mielke et al., 2011; Riedel et 

al., 2013; Tham et al., 2013; Xia et al., 2021; Zhou et al., 2018]. The most important sources 

of particulate Cl− to the lower atmosphere are sea salt and soil (wind-blown dust), which 

appear mostly in the super-micron size fraction [Jordan et al., 2015; Keene et al., 1990]. 

However, the N2O5-ClNO2 chemical system requires sufficient particle Cl− be present 

as precursor and enough aerosol surface area (considering the abundance of Cl− in super-

micron particles, both sub- and super-micron particles are probably required) as a reaction 

medium to explain observations with known mechanisms and rates [Bertram and Thornton, 

2009; Roberts et al., 2009; Staudt et al., 2019]. A relationship between super-micron particle 

Cl− and ClNO2 was observed at Pasadena during CalNex, suggesting that larger particles 

could contribute to the formation of ClNO2 [Mielke et al., 2013]. Gas phase HCl presents 

the means by which super-micron Cl− can be re-distributed to other particles. Hence, a 

correct description of HCl concentrations and dynamics (i.e., phase partitioning) is key to 

understanding and predicting chlorine activation in high-NOx environments [Haskins et al., 

2019; Wang et al., 2019].

Gaseous HCl has been a known atmospheric constituent for a number of decades (see 

Eldering et al. [1991] for a discussion of the history of HCl in the atmosphere). It has also 

been clear for some time that displacement of Cl− from sea salt and to a lesser extent, 
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soil-derived particles by the strong acids, sulfuric (H2SO4) and nitric (HNO3), is the major 

source of atmospheric HCl:

HNO3 g + NaCl p HCl g + NaNO3 p R1

Additional sources include volcanic gases, biomass and trash burning, and coal-fired power 

plants [Ahern et al., 2018; Keene et al., 1999; Wang et al., 2019]. There have been only 

a few measurements of HCl in the SoCAB (California’s South Coast Air Basin) that 

encompasses the greater Los Angeles area; most of those studies employed sampling times 

on the order of a few hours to one day, and found levels as high as 4 ppbv [Appel et 

al., 1991; Eldering et al., 1991; Grosjean, 1990]. Measurements of HCl off the coast of 

Southern California, made during the CalNex 2010 study, had a median HCl mixing ratio 

of 1.3 ppbv and an interquartile range of 0.10 to 3.8 ppbv [Crisp et al., 2014]. They also 

suggested that point sources were potentially large in near-coastal Southern California and 

were underestimated by emission inventories, consistent with the suggestion of Riedel et al. 

[2012].

The ultimate removal of HCl occurs through wet and dry deposition. However, the exchange 

of HCl with Cl− and subsequent activation represents one of the most important roles that 

HCl/Cl− can play in the lower atmosphere. Some studies suggested that the uncertainties in 

the reported thermodynamic properties of HCl/Cl− could be responsible for the disagreement 

between aerosol pH revealed by HCl/Cl− phase partitioning and other thermodynamic 

methods (e.g., NH3/NH4
+ and/or HNO3/NO3

− phase partitioning) [Haskins et al., 2018; 

Keene et al., 2004; Pye et al., 2020; Sander, 2015; Sudheer and Rengarajan, 2015; Young et 

al., 2013]. In contrast, some other studies showed good agreement between the observed and 

the thermodynamically modelled HCl/Cl− phase partitioning [Dasgupta et al., 2007; Guo 

et al., 2017; Trebs, 2005]. There remains an opportunity to use ambient data to assess the 

implementation of laboratory measurements in a thermodynamic framework.

Activation chemistry occurs on particles; however, it is clear from simple mass balance 

consideration that rapid replacement of particle Cl− is required to produce the levels of 

active chlorine species that are observed. For example in modeling observed nitryl chloride 

(ClNO2) concentrations, Osthoff et al. [2008] found that in addition to sea salt, other 

continental Cl−-containing particles were required to explain the total ClNO2 produced. HCl 

provides that additional source and so is often viewed as the limiting quantity in the chlorine 

activation pathway [Brown et al., 2013; Roberts et al., 2009; Thornton et al., 2010; Wegner 

et al., 2012].

The measurements of HCl made at the Pasadena and SJV ground sites during the CalNex 

2010 experiment are described herein along with measurements of particle Cl−. These 

observations provide context for the assessment of particle Cl− participation in chlorine 

activation chemistry. The measurements confirm that gas phase HCl is the key component in 

the budget of Cl− since it is often the most abundant inorganic chlorine species. The CalNex 

measurements provide benchmarks for chloride/chlorine inventories to be used in regional 
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air quality models, and are compared here to Community Multiscale Air Quality (CMAQ) 

modeling results and associated emissions inventories.

II. Experimental and Modeling Approaches

Measurement sites

The measurements reported here were made between 18 May and 28 June, 2010, at two 

separate ground sites, one at Pasadena ground site, the other at SJV as part of the CalNex 

2010 field project. Both sites have been described by previous studies [Liu et al., 2012; 

Ryerson et al., 2013; VandenBoer et al., 2014; Washenfelder et al., 2011]. Briefly, the 

Pasadena site was on the campus of the California Institute of Technology, approximately 

16 km northeast of downtown Los Angeles, and the SJV site was located at the southern 

end of the San Joaquin Valley at the Kern County Cooperative Extension in Bakersfield. 

Pasadena is located downwind from direct sources and sea breeze in Los Angeles, while the 

SJV site is agricultural and rural with greater influence by upwind emissions that arrive as 

well-mixed air masses [Fast et al., 2014; Guzman-Morales et al., 2014; Kelly et al., 2014].

Measurements at Pasadena site

In Pasadena the measurements of gas phase acids were made by negative-ion proton transfer 

chemical ionization mass spectrometry (NI-PT-CIMS) using acetate as the reagent ion. This 

method is sensitive to a range of organic and inorganic acids [Roberts et al., 2010; Veres 

et al., 2008], which are detected as their corresponding anion. The NI-PT-CIMS instrument 

was installed atop one of the sampling trailers and an inlet (~1.3 m) was affixed that sampled 

air approximately 5 m above ground level. The inlet consisted of 1/8” OD PFA tubing that 

was thermostated at 75°C with the flow rate of 2 L min−1. Instrument backgrounds were 

measured by scrubbing ambient air with Na2CO3, or by overflowing the inlet with ultrapure 

zero air or nitrogen. The instrument was calibrated for response to HCl using a calibrated 

gas standard (Spectra Gases) and for HNO3 using a permeation tube calibrated by UV 

absorption spectrometry [Neuman et al., 2003]. The overall uncertainties in the atmospheric 

mixing ratios were ± (35% + 55 parts per trillion by volume, pptv) for HCl and ± (35% + 

80 pptv) for HNO3. There exist potential interferences due to volatilization of HCl or HNO3 

from NH4Cl or NH4NO3-containing particles. The possible magnitude and timing of these 

interferences is considered in the interpretation of the measurements and is discussed in the 

Results below.

Gas phase ammonia was measured by a quantum-cascade tunable infrared laser differential 

absorption spectrometer (QC-TILDAS) (Aerodyne Research Inc.) as described in detail 

by Ellis et al. [2010]. The instrument sampled air from an inlet that was mounted on 

the scaffold adjacent to the NI-PT-CIMS trailer at a height of approximately 8 m above 

ground level. The NH3 signal was zeroed by overflowing the inlet with NH3-free air from 

a zero-air generator and the instrument sensitivity was determined periodically using an 

NH3 permeation source that was independently calibrated by ion chromatography (IC). The 

overall uncertainties of the NH3 measurements were ± (10% + 0.42 ppbv).
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Concentrations of particulate matter with aerodynamic diameter less than 2.5 μm (PM2.5) 

ionic species were measured online with a Particle-Into-Liquid-Sampler coupled to ion 

chromatographs (PILS-IC) [Orsini et al., 2003; Weber et al., 2001]. Prior to the PILS-IC, 

sample air was aspirated at 16.7 ± 0.7 L/min through a URG PM2.5 cyclone, a parallel plate 

carbon denuder [Eatough et al., 1993] and honeycomb acid (citric acid) and base (sodium 

carbonate) coated denuders. Liquid samples from the PILS were analyzed via two different 

ICs. Anions were measured with a Dionex Ion Chromatograph (UTAC-ULP1 concentrator, 

AG11 guard and AS11 anion columns) using a gradient NaOH eluent procedure lasting 

20 minutes. Cations were determined only during the latter part of the study from 8-14 

June with a Metrohm compact 761 IC, equipped with a Metrosep C4 cation column. Time 

resolution of cation measurement was 15-minutes. Systematic blank measurements were 

made on a daily basis throughout the study period by diverting sample flow through a 

HEPA filter downstream of the denuder and upstream of the PILS. A linear interpolation 

of blank data was performed and subtracted from the ambient data. Random measurement 

uncertainty based on a quadrature sum of squares that included the precision of standards, 

variability in sample air flow rate, liquid flow rate and blanks (all one standard deviation), 

was estimated at ± 15% for anions and ± 8% for cations. The coarse mode (2.5-10 μm) 

elemental Na and Cl were sampled by an 8-stage rotating drum impactor and measured 

by synchrotron X-ray fluorescence with time-resolution of 3 hours. The description of the 

apparatus and analytical technique is presented in Perry et al. [2004].

Measurements at SJV site

At the SJV site, the gas phase and PM2.5 water-soluble ionic components were sampled 

and measured using a modified AIM-IC (Ambient Ion Monitor- Ion Chromatography) 

system (URG Corp., Chapel Hill, NC), which provided the hourly time-resolved chemical 

composition data in both gas phase (NH3, HNO3, HCl and HONO) and particle phase 

(NH4
+, SO4

2−, NO3
−, NO2

−, Na+, Cl−, Mg2+ and Ca2+). A detailed description of the 

performance of this sampling system for these species and at the field site can be found 

in Markovic et al. [2012], VandenBoer et al. [2014] and Markovic et al. [2014]. Combined 

gas and PM2.5 samples were collected into a modified inlet housing, which was mounted 

to a scaffold tower at 4.5 m above ground level, with PM2.5 size selection governed by 

an inertial impactor, at a flow of 3 L min−1. Collection of each fraction was made into 

aqueous solution, transported to cation and anion ICs, and analyzed every 30 minutes, 

yielding hourly time resolution for both phases. Background determinations were made 

by overflowing the inlet with zero air before, during and following the field observations. 

Linear interpolations between each assessment were subtracted from ambient data. Blanks 

were paired with calibration by mixed ion primary standards for both anion and cation suites 

(e.g., Dionex Combined Seven Anion Standard, P/N 056933). Time response and sampling 

efficiencies for NH3 and HNO3 were performed by standard addition, and intercomparison 

with CIMS observations, respectively [Crounse et al., 2006; Markovic et al., 2014]. The 

overall uncertainties for HCl and Cl− were ± (≤ 15% + 19 pptv) and ± (≤ 15% + 27 ng m−3), 

HNO3 and NO3
− were ± (≤ 15% + 65 pptv) and ± (≤ 15% + 45 ng m−3), and NH3 and NH4

+ 

were ± (≤ 15% + 41 pptv) and ± (≤ 15% + 29 ng m−3).
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HCl and Cl− modelling

The phase partitioning of HCl and Cl− was modelled in this study using thermodynamic 

model calculations. Apart from the commonly used thermodynamic Extended Aerosol 

Inorganic Model (E-AIM) [Wexler, 2002] and ISORROPIA (Greek for “equilibrium”) II 

[Fountoukis and Nenes, 2007], the observed gas-particle phase partitioning behavior of HCl 

coupled with HNO3 was also calculated and assessed in this study to better understand the 

potential influence of uncertainties in thermodynamic parameters and activity coefficients 

that remain open questions in the community (e.g., [[Pye et al., 2020]]). In principle, if the 

reaction takes place in the solid phase:

HNO3 g + NaCl s HCl g + NaNO3 s R2

The thermodynamic equilibrium of this reaction can be described as the theoretical partial 

pressure ratio of gaseous HCl and HNO3 with its temperature dependence [Seinfeld and 

Pandis, 2006]:

p HCl /p HNO3 = 3.96 ⋅ exp [5.50 298
T − 1 − 2.18(1 + ln298

T − 298
T )] E1

However, if the reaction is mainly controlled by aqueous phase acids exchange, the 

equilibrium expression is altered to be:

HNO3 g + Cl− aq HCl g + NO3
− aq R3

where the aqueous phase activities of Cl− and NO3
− will also influence the p(HCl)/p(HNO3) 

ratio, the following relationships for the aqueous species must also be considered:

HCl g H+ aq + Cl− aq R4

K HCl = a H+ a Cl− /p HCl E2

HNO3 g H+ aq + NO3
− aq R5

K HNO3 = a H+ a NO3
− /p HNO3 E3

Where K(HCl) and K(HNO3) correspond to the effective Henry’s Law Constant (defined 

as the resulting equilibrium constants when R4 and R5 are combined, which includes both 

gas-liquid phase partitioning equilibrium and acid dissociation) of HCl or HNO3 and a(H+), 

a(NO3
−) and a(Cl−) correspond to the liquid phase activities of H+, NO3

− and Cl−. Taking 

the ratio of these two expressions, it can be derived that:

K HCl /K HNO3 = p HNO3 a Cl− / p HCl a NO3
− E4

Tao et al. Page 6

J Geophys Res Atmos. Author manuscript; available in PMC 2023 April 17.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Since both K(HCl) and K(HNO3) are a function of temperature with the relationship:

lnK = − ΔrH/RT + ΔrS/R E5

where ΔrH and ΔrS are the standard enthalpy (J mol−1) and entropy (J mol−1 K−1) change of 

the corresponding equilibrium, such that:

ln K HCl /K HNO3 = − ΔrH HCl − ΔrH HNO3 /RT + Constant . E6

Combining E4 and E6, there should exist a linear relationship between ln[p(HNO3)a(Cl−)/

p(HCl)a(NO3
−)] against 1/T with the resulting slope equal to −[ΔrH(HCl) − ΔrH(HNO3)]/R. 

Ion activities cannot be directly measured so that values are usually predicted using 

thermodynamic computation.

Considering that for each chemical species, X:

a X = n X · γ X E7

where n represents the ambient mole concentrations and γ represents the activity coefficient. 

E4 and E7 can be combined to give:

ln p HNO3 a Cl− /p HCl a NO3
− =ln n HNO3 n Cl−

/n HCl n NO3
− + ln γ Cl− /γ NO3

− E8

Combine E4 and E7:

ln n HNO3 n Cl− /n HCl n NO3
− = − ΔrH HCl

− ΔrH HNO3 /RT − ln γ Cl− /γ NO3
− + Constant

E9

The left side of E9 can be directly obtained from ambient concentration measurements, 

which is influenced by the ratio of the thermodynamic equilibrium constants and the 

activity coefficients. The ambient concentration ratio of n(Cl−)/n(NO3
−) used in E9 does not 

require knowledge of aerosol liquid water content or the need to apply mole-fraction-based 

concentrations. Using E9, the slope of observed ln[n(HNO3)n(Cl−)/n(HCl)n(NO3
−)] against 

the corresponding 1/T values is jointly contributed to by the enthalpy differences and the 

temperature dependence of the activity coefficients.

The temporal variations in the mass concentrations of HCl and Cl− were also simulated 

during the measurement period using the Community Multiscale Air Quality (CMAQ; 

www.epa.gov/cmaq) model. The CMAQ model used here is based on version 5.0.2 but with 

updates to the sea-spray emission parameterization that were included in version 5.1, as 

described by Gantt et al. [2015]. Sea-spray emissions are calculated online in CMAQ as a 

function of the modeled wind speed and sea-surface temperature and are enhanced in coastal 

grid cells to represent the effect of wave breaking on emissions at the coast [Gantt et al., 

2015; Kelly et al., 2010]. Since underpredictions of sodium concentrations were identified 
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previously during CalNex [Kelly et al., 2014], a sensitivity simulation was also conducted 

where sea-spray emissions were increased by a factor of three. This simulation is referred 

to as “SSx3” hereafter to distinguish it from the “Base” simulation. CMAQ represents 

atmospheric particles with three lognormal modes [Binkowski and Roselle, 2003]. Inorganic 

components of the two fine particle modes (Aitken and accumulation) are equilibrated 

with their gas-phase counterparts using ISORROPIA II [Fountoukis and Nenes, 2007], and 

diffusive mass transfer is simulated explicitly for the coarse particle mode [Kelly et al., 

2010]. In addition to primary emissions, HCl is generated in CMAQ from evaporation 

of particle Cl− that often occurs due to particle acidification from H2SO4 and HNO3 

condensation.

The CMAQ simulations were conducted for the 4 May – 30 June 2010 period using a 

domain that covers nearly all of California and parts of surrounding areas with 4-km 

horizontal resolution and 34 vertical layers. Point source emissions were based on state-

submitted 2010 emission totals, and other anthropogenic, nonmobile source emissions were 

based on the 2008 National Emissions Inventory version 2. Mobile source emissions were 

based on total amounts provided by the California Air Resources Board with temporal 

and spatial allocations developed using the SMOKE-MOVES model (www.cmascenter.org/

smoke). Meteorology used to drive the air quality simulations was generated with WRFv3.4 

and was found to capture the major transport patterns in SoCAB [Baker et al., 2013]. 

Additional details on the model configuration are available in Kelly et al. [2014].

III. Results and discussion

HCl concentration in Pasadena and SJV sites

The gas phase HCl concentrations measured at the two ground sites during CalNex are 

shown in Figure 1a and b, respectively. At the Pasadena site, along with the PM2.5 Cl− 

mass loadings, coarse-mode (2.5-10 μm, PM2.5-10) Cl− mass loading is also presented. 

The loadings of HCl reached slightly above 8 μg/m3 (6 ppbv mixing ratio), while PM2.5 

Cl− ranged up to almost 4 μg/m3, and coarse-mode Cl− 8 μg/m3. The Cl− quantities were 

generally much lower than HCl and had a less pronounced diurnal dependence. From 26 

May to 9 June, it is worth noting that the particulate Cl− was depleted in both PM2.5 

and PM2.5-10 while there was still strong diurnal variation of gaseous HCl, indicating the 

existence of other primary or secondary sources of HCl. The additional HCl could form 

from other Cl− salts (e.g., CaCl2 and NH4Cl) that could be responsible for the relative 

abundance of Cl− to Na+ observed during some periods (e.g., May 20-26 and June 11-13). 

Dust salts can act as temporal reservoir for Cl− [Sullivan et al., 2007] and Royer et al. [2021] 

also suggested that dust components could promote the reactive halogen formation. The 

meteorological conditions at both sites are illustrated in Figure S1, which shows the drier 

conditions at the SJV site compared to Pasadena. The dominant wind direction was mainly 

southwest for Pasadena (sea breeze) and northwest for SJV (transport through the Central 

Valley).

The possibility that volatilization of Cl− could represent an interference in the HCl 

measurement in Pasadena can be explored by simple mass balance considerations. First 

of all, daytime HCl is much larger than particulate Cl−, on average one order of magnitude 
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higher from 10:00 to 18:00 local time. Thus, there is no possibility of significant interference 

during those periods. Nighttime levels of the two quantities were usually low (<0.5 μg/m3) 

and elevated nighttime Cl− did not result in observations of elevated nighttime HCl. The few 

nights during which Cl− approached 4 μg/m3 can be used to put limits on how much of an 

interference might be occurring. For example, on the night of 23-24 May, HCl was only 5% 

of Cl−. On the night of 11-12 June, HCl was at most 10% of Cl−. Therefore, the conservative 

implication is that volatilization was at most a 5-10% effect positive bias and this process 

on the CIMS inlet is not a significant interference. As a result, the background measurement 

frequency is expected to be sufficient to account for the majority of HCl released from 

particles deposited on inlet surfaces. In general, there is usually sufficient soluble chloride 

(HCl + Cl−) mass loadings in the ambient to sustain the nighttime production of ppbv levels 

of ClNO2 from N2O5 condensed phase chemistry in Pasadena reported by Mielke et al. 

[2013] and Young et al. [2012].

By comparison, the time series of HCl, particulate Cl−, and Na+ concentrations in PM2.5 are 

plotted in Figure 1b, where it shows that at the SJV site, the levels of HCl were significantly 

lower than those measured at the Pasadena site, ranging from below the 0.019 ppbv (0.028 

μg m−3) detection limit to 0.78 ppbv (1.09 μg m−3) with a mean value of 0.085 ppbv 

(0.12 μg m−3) and standard deviation of 0.11 ppbv (0.15 μg m−3). Data for PM2.5-10 Cl− 

were not available at the SJV site. Using the measured PM2.5 Na+ and Cl− loadings as a 

proxy for coarse particle composition, particulate NaCl was frequently observed to be aged 

by acid-displacement reactions as the particles were depleted in Cl−, which would release 

a significant quantity of HCl [Abbatt and Waschewsky, 1998; Angelucci et al., 2021]. 

Other direct sources of HCl, if they exist, were much less important toward explaining the 

observations compared to the Pasadena site. This conclusion is supported by the PM2.5 

Na+-Cl− charge balance relationship where a large molar equivalent excess of Na+ compared 

to Cl− suggests that sea salt dominated over other potential Cl− sources.

The HCl observed during CalNex at the two sites can be compared with previous HCl 

measurements in the SoCAB. Figure 2 shows the statistical distribution of the CalNex 

observations at both sites compared to two prior data sets from measurements made in the 

1980s. Grosjean [1990] reported HCl measurements for 9 days, 12 to 21 August 1986, 

at Glendora, CA (~30 km east of Pasadena) from integrated samples taken at 5 different 

sampling intervals throughout any 24 hour period. The measurements reported by Eldering 

et al. [1991] were 24 hour samples taken every 6 days for an entire year at sites throughout 

the SoCAB in 1986. The 15 May to 30 June observations from the 3 sites closest to 

Pasadena: Downtown, Burbank and Upland, were selected for use in Figure 2. Several 

publications using data from the CalNex 2010 dataset have concluded that there have been 

large decreases (7-8%/yr) in VOCs, NOx and NOx-product compounds over the past 40 

years in the SoCAB [Pollack et al., 2013; Warneke et al., 2012]. Although there is not nearly 

the same degree of data coverage, HCl measurements over the 25 years spanning 1985-2010, 

do not appear to show any significant decrease. This is perhaps not surprising considering 

that HCl volatilization from sea salt, and transported dust and soil, even after dry deposition, 

are probably the largest sources in this air basin.
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The variation of the HCl measured in Pasadena with time of day is shown in Figure 

3, in addition to data from other studies conducted in the SoCAB. The CalNex data 

show a clear diurnal pattern characteristic of species such as O3 or HNO3 that have a 

photochemical daytime source, and are deposited to the surface at night. Other HCl data 

sets from the SoCAB have similar diurnal patterns, but with limited temporal resolution. 

Mid-day levels of HCl observed at the surface average slightly more than 2 ppbv, and are 

probably characteristic of the HCl mixed throughout the planetary boundary layer (PBL) at 

this location because vertical mixing is at a maximum during this period. The relationship 

between HCl and HNO3 at the two sites are plotted and compared in Figure 4, with 

points colored by date. In Pasadena, it is clearly illustrated that HCl and HNO3 are closely 

correlated on individual days, but the dataset did not exhibit a strong correlation between 

the two acids overall (R2= 0.30). This is consistent with the results of Appel et al. [1991] 

who noted that there was only weak correlation between HCl and HNO3 measured during 

their study (R2 = 0.36). The slope of HCl against HNO3 ranged from less than 1:10 up 

to 2:1. In contrast, there is a consistent linear relationship between HNO3 and HCl in the 

gas phase throughout the whole campaign at the SJV site (Figure 4b). The strong linear 

correlations between increasing HNO3 and HCl in the gas phase further suggest that the 

phase partitioning equilibria of HCl/Cl− and HNO3/NO3
− are probably highly coupled with 

each other at the SJV site. It is also reasonable to suggest that the day-to-day variation 

of HCl-HNO3 relationship in Pasadena indicates there are other important sources for 

HCl (e.g., acidification of soil particles or chloride-containing urban surfaces) or HNO3 

(photochemistry production). In either case, the outcome is that the two constituents have 

not been in the same airmass long enough to equilibrate.

HCl concentration and phase partitioning

The two sites explored here vary greatly in several respects, including RH and T (Figure 

S1), which will affect phase partitioning. SJV was characterized by average (± standard 

deviation) RH of 38 ± 17 % and T of 23.5 ± 6.7 °C. Pasadena was generally wetter 

and cooler, with RH of 69 ± 16 % and T of 17.8 ± 4.3 °C. To further study the 

relationship between HCl and HNO3 phase partitioning, the temperature dependence of 

thermodynamic equilibrium constants under the assumption of solid phase or aqueous phase 

reaction for SJV is shown in Figure 5a and b, respectively. The data points with Cl− 

concentrations lower than 1 nmol m−3 were not included in the comparison (grey points, 

Figures 5a–b) to ensure that NaCl-containing particles were abundant enough for the HCl 

and HNO3 phase partitioning to mostly corresponding to the aerosol ageing process. For 

the assumption of solid phase reaction (i.e., R2), it can be seen in Figure 5a that the 

theoretical calculation always overestimates the ln[p(HCl)/p(HNO3)] values. Generally, the 

solid phase equilibrium predicts the HCl to be more concentrated than HNO3, which does 

not agree with the observation (Figure 4b suggests that p(HCl)<p(HNO3) almost throughout 

the whole campaign). Therefore, even though the SJV site had low RH (36.6 ± 16.5 %), 

observed HCl/Cl− cannot be explained by a purely solid-phase reaction so that some liquid 

partitioning in metastable or fully deliquesced particles must be occurring.

The efflorescence relative humidity for NaCl is around 43% (higher than the average RH 

in SJV), while the efflorescence relative humidity for NaNO3 is not observed [Seinfeld and 
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Pandis, 2006] or the time scale is too long to be atmospherically relevant [Kim et al., 2012]. 

Therefore, the deliquesced sea salt aerosol prior to transport and the efficient formation of 

nitrate salt can sustain particles in metastable state. Other than significantly lowering the 

efflorescence RH, the formation of NaNO3 can also substantially increase the ionic strength 

of NaCl-containing particles (see Figure S2 for the E-AIM III-calculated Na+ molality under 

different NaNO3:NaCl molar ratios). This could be important to evaluate the ClNO2 yields 

on particle surfaces. For example, Mitroo et al. [2019] found that deliquesced chloride salts 

can have high ClNO2 yields. The existence of other hygroscopic salts such as CaCl2 and 

MgCl2 can also lower the deliquescence point of particles [Tang and Munkelwitz, 1993] and 

promote ClNO2 formation [Royer et al., 2021].

In Figure 5b the ln[n(HNO3)n(Cl−)/n(HCl)n(NO3
−)] value (see Methods for detail) was 

explored as a function of 1/T. The resulting linear relationship of the SJV site shows a 

moderate correlation (R2=0.43, Figure 5). A similar relationship can also be computed 

between HCl/Cl− and HONO/NO2
− phase partitioning behavior at the SJV site (Figure 

S3), indicating that these two gas-particle partitioning equilibria are also likely coupled. 

The temperature dependence observed is derived from both thermodynamic parameters 

and activity coefficients. Several thermodynamic modelling results suggest that ΔrH for 

HCl phase partitioning is only several kJ/mol lower than that of HNO3 phase partitioning 

[Carslaw et al., 1995; Fountoukis and Nenes, 2007; Seinfeld and Pandis, 2006] (also listed in 

Table S1). Therefore, the strong temperature dependence observed in Figure 5b can only be 

explained by the effect of activity coefficients. If the contribution from activity coefficients 

is neglected, it would require −[ΔrH(HCl)- ΔrH(HNO3)] to reach 86.3 kJ/mol to explain 

the observed temperature dependence. To assess whether this assumption is reasonable, the 

molality of Na+ was predicted by E-AIM III under the assumption of metastable state. 

Current versions of E-AIM cannot calculate the temperature dependence of NaCl activity 

coefficients under RH<60%, so E-AIM III is used here with fixed temperature at 25 °C to 

determine the RH dependence of activity coefficients as the reference. Molality of Na+ was 

generally on the order of 101~2 M, suggesting that the aerosol likely consisted of deliquesced 

salts with high ionic strength. The influence of activity coefficients may be significant under 

this situation.

In contrast, there is no apparent temperature dependence of ln[n(HNO3)n(Cl−)/

n(HCl)n(NO3
−)] at the Pasadena site where RH was 69.3 ± 15.3 %, significantly higher 

than that at the SJV site (Figure S4). One of the reasons could be that, even though the 

Pasadena site was more likely to have fully deliquesced aerosol to go through aqueous phase 

HCl-HNO3 exchange reaction, there were simultaneous direct sources for HNO3 and sea 

salt arriving at the measurement location such that the particles were not fully internally 

mixed as revealed from the interpretation of Figure 4. To explore this, we performed analysis 

on a day by day basis (Figure S5), finding that for most days there were obvious diurnal 

cycles in the temperature dependence of ln[n(HNO3)n(Cl−)/n(HCl)n(NO3
−)], consistent with 

the frequent sea-land breeze transporting externally mixed aerosol to this site [Washenfelder 

et al., 2011]. Furthermore, it is found that in SJV site Cl− activity coefficients spanned 

two orders of magnitudes (1~100) while they remained close to unity in Pasadena site; by 

comparison, the range of NO3
− activity coefficients at both sites showed a much smaller 
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range of variation and were around 0.3 (shown in detail in Figure S6) so that the influence of 

activity coefficients was not strong enough to be observed at the Pasadena site.

Apart from the strong influence from activity coefficient changes, another possibility is that 

the enthalpy of HCl phase partitioning was underestimated by the previous studies. Several 

literature values for standard effective Henry’s Law Constants (at 298 K), either determined 

through experiments, field observation or computation, exhibit large differences (listed in 

Table S1) while experimentally determined parameters should have higher reliability. Some 

of these values have been proven to be unreliable or have some flaws in the methodology 

[Clegg and Brimblecombe, 1988; Keene and Savoie, 1999; Marsh and McElroy, 1985; 

Sander, 2015]. Among the values for KH of HCl listed by Sander [2015], the one provided 

by Marsh and McElroy [1985] was derived from an incorrect equation, and the sources 

of Brimblecombe and Clegg [1988] and Pandis and Seinfeld [1989] were also incorrect or 

questionable as suggested by the notes in Sander [2015] stating that this compiled paper 

did not list the temperature dependence parameters with reliable sources. While beyond the 

scope of this work, a complete evaluation of the existing thermodynamic parameters would 

be beneficial to improve our understanding of the dominant factors influencing HCl/Cl− 

phase partitioning and model-observation disagreement found in some studies.

For activity coefficients, different calculation methods also can have large discrepancies. 

Kim et al. [1993] illustrated in detail that for a NaCl solution with ionic strength of 40 

mol/kg, the difference of activity coefficients calculated by three common methods K-M 

method [Kusik and Meissner, 1978], Pitzer method [Pitzer and Mayorga, 2002] and Bromley 

method [Bromley, 1973] can reach two orders of magnitudes. In comparison, the activity 

coefficients of NaNO3 solution calculated by the above-mentioned three methods vary in the 

relatively narrow range of 0.6~3. The activity coefficients of NaCl solution under high ionic 

strength conditions tremendously depends on the chosen calculation method. The activity 

calculation methods used in E-AIM III are introduced in detail in Clegg et al. [1992] and 

[Clegg et al., 1997], which are mainly validated at 298.15 K and RH > 40%.

The disagreement between the observed and modelled phase partitioning of HCl/Cl− is 

usually attributed to factors such as measurement uncertainties, other unconsidered chemical 

components or externally mixed particles [Shon et al., 2012; Sudheer and Rengarajan, 

2015; Trebs, 2005]. Here, we suggest another potential factor is the uncertainties of their 

thermodynamic properties which complements the discussion raised by Young et al. [2013] 

and Keene et al. [2004]. Interestingly, the −[ΔrH(HONO)- ΔrH(HNO3)] calculated based on 

the slopes of Figure 5b and Figure S3 (neglecting the contribution from activity coefficients) 

yields a value of 24.8 kJ/mol at SJV, falls within 60% difference of prior reports (listed 

in Table S1). Unlike Cl−, the logarithm of activity coefficient of NO2
− in NaNO2 solution 

does not show the obvious dependence on molality when its molality is higher than 4 

mol kg−1 [Staples, 1981]. It is reasonable to assume when activity coefficients show no 

strong dependence on RH, the observed coupled phase partitioning behavior is mainly 

controlled by the temperature dependent effective Henry’s Law constants; in contrast, when 

activity coefficients are strongly affected by RH, the phase partitioning behavior can be 

dominated by RH-related activity coefficients changes. Considering the wide ranges of HCl 

Henry’s Law constants from different studies, a complete evaluation of those values will 
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help distinguish the contribution from both terms when interpreting HCl phase partitioning 

behavior.

Application of aerosol thermodynamic models to the Pasadena dataset can also help explain 

the factors controlling HCl and HCl/Cl− distribution in the SoCAB environment. Semi-

volatile NH4Cl formation is not favored to form at either site (described in Supplementary 

Information: section 1). Therefore, two models that take account of all the major inorganic 

ionic components were used in this work, the E-AIM described by Wexler [2002], and 

ISORROPIA described by Fountoukis and Nenes [2007]. Attempts to model the gas/particle 

system using only PM1.0 data i.e., AMS data, or PM2.5 data without explicit cation 

measurements were not very successful. The final period of the Pasadena observation 

had cation measurements for the PM2.5 size range and showed good agreement between 

measured and modeled HCl and Cl− for both models (shown in Figure 6). The good fit 

between the modelled and observed concentration indicates that the gas-particle system is 

adequately constrained by thermodynamic processes such as charge balance, or the existence 

of stronger buffer in the system (e.g., NH3/NH4
+ and HNO3/NO3

− phase partitioning) 

[Zheng et al., 2020], when needing to describe HCl/Cl− phase partitioning. However, 

considering that the disagreement between observed and modelled phase partitioning of 

HCl/Cl− is frequently reported [Shon et al., 2012; Sudheer and Rengarajan, 2015; Trebs, 

2005], caution should be taken in applying this conclusion more generally.

Regional modelling of HCl

Hourly average observed and predicted HCl mixing ratios at the Pasadena site are compared 

in Figure 7a, and hourly average observed PM2.5 Cl− concentrations are compared with the 

sum of the predicted Aitken and accumulation mode Cl− in Figure 7b. Large underestimates 

of HCl mixing ratio in both model simulations are evident. For instance, the observed mean 

HCl mixing ratio across all hours is underestimated by a factor of 6.6 in the Base simulation 

and 4.8 in the SSx3 simulation. This underestimation is most pronounced during daytime 

when observed HCl mixing ratios are greatly enhanced compared to nighttime. From 11-18 

PST, Cl− is almost entirely depleted from fine mode particles in the model while the median 

observed PM2.5 Cl− is 0.36 μg m−3 (Figure 7b). To the extent that PM2.5 Cl− is the source 

of HCl, the modeled amounts are insufficient to maintain the levels of HCl observed. 

Furthermore, as indicated by Figure 1a, the coarse mode particles also cannot explain the 

high HCl concentrations observed in the mid-day.

In Figure 8, distributions of modeled mixing ratios of HCl and PM2.5 Na+ and Cl− are 

shown for Pasadena. The mean PM2.5 Na+ mixing ratio in the SSx3 simulation is 2.6 times 

that in the Base simulation and indicates that Na+ concentrations in Pasadena increase 

roughly linearly with sea-spray emissions. The mean PM2.5 Cl− is 64% greater in the 

SSx3 than Base simulation at Pasadena. The sub-linear increase in PM2.5 Cl− in Pasadena 

with increasing sea spray emissions is likely due to the displacement of Cl− from the 

particles as they are transported inland, consistent with the daily plots of the thermodynamic 

system (Figure S5). However, the increase in HCl mixing ratio that would result from this 

Cl− displacement is insufficient to resolve the model HCl underpredictions. Much greater 

fine-mode sea-spray emissions or other temporally variable surface reservoirs of Cl− would 
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be needed to explain the HCl underpredictions via this pathway. The combination of too 

rapid removal of coarse sea spray and underestimation of coarse particle Cl− displacement 

could in part explain the HCl underpredictions. However, other sources of HCl in the basin 

that were uncharacterized or underestimated [Crisp et al., 2014] also likely contribute to 

the underpredictions. Additional potential sources could be a persistent surface reservoir 

of Cl− salts, including dust, grime or surface soil, that release HCl coupled with HNO3 

dry deposition [Baergen et al., 2015; McNamara et al., 2020]. HCl and Cl− concentrations 

were also underpredicted by the model at the SJV site (shown in Figure S7) and have been 

reported previously in Colorado [Kelly et al., 2016] and Florida [Kelly et al., 2010], and so 

improved understanding of HCl and Cl− sources would broadly benefit model performance.

IV. Conclusions

HCl was measured from May 15 to June 15, 2010 during the CalNex experiment. Observed 

mixing ratios ranged from below detection limit (55pptv) up to 5.95 ppbv with a mean of 

0.83 ppbv in Pasadena and was on average 0.084 ppbv at SJV with a maximum value of 0.78 

ppbv. At both sites, HCl levels were highest during midday and were well-correlated with 

HNO3 on a given day. However, in the Pasadena site the slope of the HCl: HNO3 correlation 

varied a great deal (2:1 to 1:10) from day-to-day. At the SJV site, the HCl was well 

correlated with HNO3 throughout the whole campaign. Lowest HCl levels were observed 

at night and were consistent with strong deposition of this highly soluble compound. In 

general, there was no correlation between HCl and episodically high particle Cl− levels. HCl 

was more likely influenced by other factors such as the reaction of chlorine atoms (generated 

by photolysis of photolabile compounds such as ClNO2) [Angelucci et al., 2021; Mielke et 

al., 2013; Young et al., 2014].

The gas-particle exchange of HCl can be governed by NH3 during periods of lower 

temperature and high (>90%) humidity. The observed levels of HCl and Cl− are in 

agreement with aerosol thermodynamic models using PM2.5 composition, NH3, HNO3, and 

constrained by base cation measurements. At the SJV site, the phase partitioning of HCl/Cl− 

was found coupled with HNO3/NO3
− and HONO/NO2

− phase partitioning that was likely 

governed by activity coefficient changes. Considering that the Henry’s Law constants for 

HCl reported by different literature have order-of-magnitude differences, its temperature 

dependence should also have a more reliable assessment as well as an evaluation of 

the influence that aerosol components have on overall phase partitioning behavior. It is 

possible that ambient measurement could provide this information. The ideal situation to 

perform such observation-based calculations would be in consistently high RH (e.g., >90%) 

scenario where the influence from activity coefficient changes is minimized. However, such 

conditions did not exist during this campaign.

Measured HCl mixing ratios were underestimated by factors of 5 or more in regional 

air quality modeling. A sensitivity simulation with increased sea-spray emissions suggests 

that underestimates of these emissions are not the sole cause of the HCl underpredictions. 

Other possible contributors to model underpredictions include too rapid deposition of coarse 

particle chloride, underestimates of Cl− displacement from coarse particles, and other 

uncharacterized or underestimated HCl sources in the basin such as soil or wind-blown 
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dust. However, these are areas of future studies. Model development [Appel et al., 2020] and 

high time-resolution measurement will be necessary to fully understand the causes of the 

model underestimates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Timeseries of NI-PI-CIMS HCl (red line) and PILS-IC PM2.5 Cl− (blue crosses) 

quantities as mass loadings (left) and mixing ratios (right) and XRF PM2.5-10 measurements 

of Na+ and Cl− (lower panel) measured at the Pasadena ground site. (b) The AIM-IC SJV 

quantities of HCl, and PM2.5 Cl− and Na+. Gaps in datasets indicate periods of instrument 

maintenance, calibration, backgrounds, or where data quality was not validated.
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Figure 2. 
Distributions of HCl measured at or near the CalNex 2010 Pasadena and SJV site, the May 

15 to June 30 observations (n=7) of Eldering et al. [1991], August 12-21 data (n=43) of 

Grosjean [1990]. The prior studies were both conducted in the SoCAB, with comparison 

sites selected for proximity to Pasadena. The black box and whiskers represent the central 

50% (box) and max and min of the CalNex observation, while the red circle and error bars 

are the observation averages ± 1σ.
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Figure 3. 
Measurements of HCl versus time of day. The one-minute averages from Pasadena are 

shown as grey circles and the half hour averages are shown as white points with the error 

bars indicating ±1σ. Data from 11-17 September 1985 - taken at Claremont CA - are shown 

as horizontal lines with thick vertical bars that indicate ±1σ. Note that the 00:00-06:00 

and 20:00-24:00 numbers are upper limits [Appel et al., 1991]. Data from 12-21 August 

1986 taken at Glendora, CA, are shown as open squares with narrow capped error bars that 

indicate ±1σ [Grosjean, 1990].
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Figure 4. 
Correlations of HCl with HNO3 colored by observation date for the CalNex 2010 datasets at: 

(a) the Pasadena site and (b) the SJV site. Note that observations at Pasadena ended before 

those at SJV (see Fig.1). Due to the wide variance in the relationship between these species 

in Pasadena, the range of ratios from 2:1 to 1:10 is denoted using solid black lines. At the 

SJV site, the 1:1 ratio is denoted by the solid black line, while the orthogonal least-squares 

linear regression fit is shown with the dashed grey line.
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Figure 5. 
(a) The theoretical prediction and observed temperature dependence of ln[p(HCl)/p(HNO3)] 

against 1/T in (1/K) for the SJV site under the assumption of solid phase reaction. (b) The 

linear regression results of ln[n(HNO3)n(Cl−)/n(HCl)n(NO3
−)] against 1/T in (1/K) colored 

by the molality of Na+ calculated by E-AIM III for the SJV site under the assumption of 

aqueous phase reaction. The data with Cl− concentrations less than 1 nmol m−3 (grey points) 

representing 22 % of the measured data, have been excluded from each regression analysis.
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Figure 6. 
A comparison of aerosol thermodynamic models, ISORROPIA (red triangles), E-AIM (blue 

circles), with observations: HCl (green line) top panel and Cl− (magenta line) bottom panel 

for a three-day period during CalNex-LA.
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Figure 7. 
Modeled and measured HCl and PM2.5 chloride at the Pasadena site during 15 May and 15 

June 2010.
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Figure 8. 
Modeled distributions of HCl and fine particle sodium and chloride and at the Pasadena 

site during 15 May to 15 June 2010. Circles represent values greater than 1.5 times the 

interquartile range from either end of the box.
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