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Abstract: Aerosol pH governs many important atmospheric processes that occur in the marine
boundary layer, including regulating halogen and sulfur chemistries, and nutrient fertilization of
surface ocean waters. In this study, we investigated the acidity of PM1 over the eastern North
Atlantic during the Aerosol and Cloud Experiments in Eastern North Atlantic (ACE-ENA) aircraft
campaign. The ISORROPIA-II thermodynamic model was used to predict PM1 pH and water. We
first investigated the sensitivities of PM1 pH and water predictions to gas-phase NH3 and HNO3

concentrations. Our sensitivity analysis indicated that even though NH3 and HNO3 were present at
very low concentrations in the eastern North Atlantic during the campaign, PM1 pH calculations
can still be sensitive to NH3 concentrations. Specifically, NH3 was needed to constrain the pH of
populations of PM1 that had low mass concentrations of NH4

+ and non-volatile cations (NVCs).
We next assumed that gas-phase NH3 and HNO3 concentrations during the campaign were 0.15
and 0.09 µg m−3, respectively, based on previous measurements conducted in the eastern North
Atlantic. Using the assumption that PM1 were internally mixed (i.e., bulk PM1), we determined
that PM1 pH ranged from 0.3–8.6, with a mean pH of 5.0 ± 2.3. The pH depended on both H+

air
and Wi. H+

air was controlled primarily by the NVCs/SO4
2− molar ratio, while Wi was controlled

by the SO4
2− mass concentration and RH. Changes in pH with altitude were driven primarily by

changes in SO4
2−. Since aerosols in marine atmospheres are rarely internally mixed, the scenario

where non-sea salt species and sea-salt species were present in two separate aerosol modes in the
PM1 (i.e., completely externally mixed) was also considered. Smaller pH values were predicted for
the aerosol mode comprised only of non-sea salt species compared to the bulk PM1 (difference of
around 1 unit on average). This was due to the exclusion of sea-salt species (especially hygroscopic
alkaline NVCs) in this aerosol mode, which led to increases in H+

air values and decreases in Wi values.
This result demonstrated that assumptions of aerosol mixing states can impact aerosol pH predictions
substantially, which will have important implications for evaluating the nature and magnitude of
pH-dependent atmospheric processes that occur in the marine boundary layer.

Keywords: aerosol water; aerosol pH; aqueous phase; remote marine boundary layer; non-volatile cations

1. Introduction

Aerosol acidity is an important property that governs many atmospheric processes
that transform the mass concentration and composition of atmospheric aerosols, which
in turn have important implications for air quality, climate, and human and ecosystem
health. Examples of these atmospheric processes include enhancing the formation of

Atmosphere 2021, 12, 1040. https://doi.org/10.3390/atmos12081040 https://www.mdpi.com/journal/atmosphere

https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-8755-6153
https://doi.org/10.3390/atmos12081040
https://doi.org/10.3390/atmos12081040
https://doi.org/10.3390/atmos12081040
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/atmos12081040
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos12081040?type=check_update&version=2


Atmosphere 2021, 12, 1040 2 of 17

secondary organic aerosols (SOA) through acid-catalyzed reactions during the oxidation
of volatile organic compounds (VOCs) [1–3], controlling the gas-aerosol partitioning of
atmospheric semi-volatile basic and acidic species (e.g., ammonia (NH3), hydrochloric
acid (HCl), nitric acid (HNO3)) [4–6], regulating the water solubilities of trace metals and
nutrient species in aerosols [7–9], and modulating halogen and sulfur chemistries in the
marine boundary layer [10,11]. pH is the parameter commonly used to characterize the
acidity of atmospheric aerosols. Aerosol pH is defined as the negative logarithm of the
molality-based hydronium ion (H3O+) activity in the aerosol aqueous phase [12]. Water-
soluble ions play important roles in affecting aerosol acidity because they control the
balance of ions in the aerosol aqueous phase and regulate the water uptake properties
(i.e., hygroscopicity) of aerosols. Water-soluble inorganic ions can comprise a substantial
fraction of the dry aerosol mass (25% to 75%), with the main components typically being
ammonium (NH4

+), sulfate (SO4
2−), and nitrate (NO3

−) [13]. Depending on the location,
significant mass concentrations of chloride (Cl−) and non-volatile cations (NVCs) such
as sodium (Na+), calcium (Ca2+), potassium (K+), and magnesium (Mg2+) can also be
present in atmospheric aerosols. This is especially the case for aerosols found in marine
atmospheres and/or areas affected by severe dust events [14]. Fresh dust and sea salts
are naturally alkaline due to the presence of inorganic carbonates [11]. However, dust
and sea salts can become acidified during atmospheric aging due to the uptake of acidic
gases (e.g., HNO3) [15–17]. The mixing characteristics of dust and sea salts within the
aerosol will also change during atmospheric aging. For example, NaCl in fresh sea salts are
typically capped by small quantities of other inorganic species, whereas aged sea salts can
be completely encased within large quantities of other inorganic and organic species [18].
NVCs are usually present in larger concentrations in PM2.5 than in PM1, which results in
PM2.5 typically being less acidic than PM1 [7]. Water-soluble organic species present in
the aerosol can also impact the aerosol pH by changing the H3O+ activity in the aqueous
phase and/or by diluting the aqueous phase with aerosol water associated with the organic
fraction. However, Battaglia Jr. et al. (2019) showed that water-soluble inorganic ions
alone adequately constrain the aerosol pH under conditions where liquid–liquid phase
separation is not expected to occur [19].

Due to the complex physicochemical properties of atmospheric aerosols, there are
few analytical methods that can directly measure the pH of atmospheric aerosols [14,20].
Thermodynamic equilibrium models (e.g., E-AIM [21], ISORROPIA-II [22], EQUISOLV
II [23]) currently provide the most reliable estimates of aerosol pH. Thermodynamic equi-
librium models calculate the aerosol water content and pH based on model inputs of
meteorological data, gas and aerosol measurements [14]. All particle-phase species are
assumed to be internally mixed within the aerosol, so one value of pH represents the
aerosol population. PM1 NH4

+, SO4
2−, and NO3

− ions are usually measured in ambient
studies, thus their concentrations are often included in thermodynamic calculations of
aerosol pH and water. In contrast, the concentrations of Cl− and NVCs are sometimes
excluded from thermodynamic calculations since they are seldom included in aerosol
composition measurements [24]. This is due, in part, to the small contributions of these
species to the overall aerosol mass in most locations. The omission of NVCs from thermo-
dynamic calculations can result in erroneously predicted aerosol ammonium-to-sulfate
(NH4

+/SO4
2−) molar ratios and pH. Using datasets from southeastern USA during the

SOAS campaign and from northeastern USA during the WINTER campaign, Guo et al.
(2018) showed that the omission of NVCs in ISORROPIA-II calculations resulted in the
overprediction of NH4

+/SO4
2− molar ratios in fine aerosols [25]. This was due to NH4

+

ions replacing the excluded NVCs in the thermodynamic calculations. The aerosol pH
values for the SOAS and WINTER field campaigns only increased by 0.1 to 0.5 units when
NVCs were included in thermodynamic calculations. However, this small increase in
aerosol pH values can affect the predicted gas-aerosol partitioning of semi-volatile species
(e.g., NH4

+–NH3, NO3
−–HNO3, Cl−–HCl) due to their nonlinear sensitivity to aerosol

pH [5,6]. It should be noted that the concentrations of NVCs in the SOAS and WINTER
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datasets were very low (i.e., close to or below the limits of detection of aerosol composition
measurements) compared to the concentrations of NH4

+, SO4
2−, and NO3

− ions. It is likely
that aerosol pH will only be insensitive to the model exclusion of NVCs in datasets from
environments where NVC concentrations are low.

Previous studies have shown that gas-phase NH3 measurements serve as impor-
tant constraints on aerosol pH in thermodynamic calculations of aerosols in populated
continental locations with anthropogenic emissions of NH3 from agriculture, traffic, and
industry [26,27]. This is because not including gas-phase NH3 concentrations in thermody-
namic calculations can result in pH predictions that are too low since the thermodynamic
model will partition a fraction of the particle-phase NH4

+ to the gas phase to make up
for the missing gas-phase NH3, which will result in a prediction of a more acidic aerosol.
However, NH3 is not commonly measured in field campaigns, especially in studies that are
held in remote marine locations [28]. Satellite observations and model simulations have
shown that outside of polluted air masses originating from continental and/or biomass
burning regions, NH3 mixing ratios over the Atlantic and Pacific Oceans are typically in
the parts per trillion (ppt) range [28,29]. This is in line with previous NH3 measurements
conducted over the northeast Atlantic Ocean during the ASTEX/MAGE campaign where
the measured NH3 mixing ratios ranged from <25 ppt to 710 ppt [30]. The low NH3
concentrations in remote marine regions is attributed to low oceanic NHx emissions and
the short lifetime of NH3 [28,31–33]. Thus, NH3 concentrations in remote marine locations
are substantially lower than those in continental locations. Given that alkaline NVCs are
expected to comprise a significant mass fraction of aerosols in remote marine atmospheres,
it is currently unclear whether NH3 is an important neutralizing agent of PM1 acidity
and/or serves as a key constraint on aerosol pH in thermodynamic calculations of aerosols
in remote marine atmospheres.

The acidity of aerosols in environments with intensive anthropogenic activities have
received the most attention. Pye et al. (2020) complied these studies and reported that
the mean pH of fine aerosols ranged from around 1 to 6 [14]. NH4

+, SO4
2−, and NO3

−

ions are the dominant water-soluble inorganic ions in fine aerosols in most areas with
intensive anthropogenic activities; thus, aerosol pH and water are usually regulated by
these three ions in these environments. Locations with very high levels of acidic sulfate
(e.g., southeastern USA, southeast Asia) had fine aerosol pH values of less than 2 [14,34,35].
Higher PM2.5 pH values (around 2 to 3) were reported for Los Angeles during the CalNex
campaign due to higher aerosol water concentrations, which was a result of higher total
NO3

− concentrations and NO3
−–HNO3 partitioning [5]. Locations close to areas with

intensive agricultural activities that emitted high levels of NH3 (e.g., parts of mainland
China and Europe) had fine pH values as high as 6 [14,36,37]. Higher fine aerosol pH values
(around 4 to 6) were reported for urban areas impacted by sea salt (e.g., San Paulo, Hawaii)
and dust (e.g., Inner Mongolia, Po Valley) due to the neutralizing effect of NVCs [14,38–41].

There have been comparatively few studies on the acidity of aerosols in remote marine
atmospheres. Keene and Savoie (1998) used a Cl phase partitioning model to estimate
that aerosols had pH values ranging from the mid-2s to the mid-3s at Bermuda under
moderately polluted conditions [42]. Fridlind and Jacobson (2000) applied the EQISOLV
II thermodynamic model to estimate that aerosols over the minimally polluted Southern
Ocean had pH values that ranged from 0 to 5 [4]. The acidic nature of aerosols observed
in these studies were explained by the rapid titration of fresh sea salt alkalinity by acids
scavenged from the gas phase or formed via chemical reactions occurring within the
aerosol [4,43,44]. Recently, Nault et al. (2021) used the E-AIM thermodynamic model to
estimate that PM1 over the Pacific, Southern, Atlantic, and Artic Oceans had pH values
ranging from −1 to 3 [28]. It should be noted that NVCs were excluded from thermody-
namic calculations performed by Nault et al. (2021), and this resulted in lower estimated
aerosol pH values compared to estimates that included accumulation-mode NVCs in
thermodynamic calculations. Given the important role that aerosol acidity plays in many
atmospheric processes that occur in the remote marine boundary layer (e.g., halogen and
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sulfur chemistries), it is important to have a strong understanding of the factors that control
aerosol pH and water (e.g., roles of NH3 and NVCs, aerosol mixing characteristics) in
different remote marine atmospheres.

In this paper, we used the PM1 dataset obtained with a particle-into-liquid sampler
(PILS) during the summer 2017 flights of the Aerosol and Cloud Experiments in Eastern
North Atlantic (ACE-ENA) campaign to characterize the acidity of PM1 over the eastern
North Atlantic. Measurements were carried out in the Azores archipelago in the eastern
North Atlantic during the ACE-ENA campaign [45]. Although the ACE-ENA campaign
had two intense operating periods (IOP) that occurred during summer 2017 (June to July)
and winter 2018 (January to February), the PM1 dataset obtained during the winter IOP
was not used because the mass concentrations of many water-soluble aerosol constituents
essential for aerosol acidity predictions were very low (i.e., close to or below the limits
of detection of aerosol composition measurements). The composition and properties of
aerosols in the eastern North Atlantic are known to be influenced by a variety of natural
processes, including sea spray aerosol production, the entrainment of aerosols from the
free troposphere, new particle formation, and the processing of aerosols inside and outside
of clouds [46–48]. Aerosols in the eastern North Atlantic are also subjected to occasional
anthropogenic influences caused by local pollution from the Azorean islands and polluted
air masses originating from North America and northern Europe [30,46–51]. These factors
make the eastern North Atlantic an ideal location for investigations of pH and water
content of PM1 in a remote marine environment where anthropogenic influences are minor.
Since each flight consisted of different vertical profiles, we will also provide insights into
how PM1 acidity changes with altitude in the eastern North Atlantic.

2. Materials and Methods

The ACE-ENA campaign was a multi-investigator study that included measurements
onboard the DOE G-1 research aircraft [45]. The G-1 was operated out of the Lajes airport
on Terceira Island. A total of 20 flights occurred during the summer IOP. Each flight
comprised of four to six vertical profiles, which allowed measurements as a function of
altitude to be obtained. The payload onboard the G-1 included instruments used to measure
meteorological parameters, trace gases, aerosols, and cloud properties. Details about the
flight paths and the list of instruments onboard the G-1 can be found in Zawadowicz et al.
(2021) and Wang et al. (2021) [46,47].

2.1. PILS Sampling and Offline Ion Chromatography Analysis

A PILS was used to measure the water-soluble ions in PM1. The PILS is an aerosol
collection device that continuously collects ambient aerosols into water [52,53]. In the PILS,
aerosols were mixed with water vapor at around 100 ◦C produced from heated ultrapure
deionized water. The resulting droplets were impacted onto a plate, thus providing a
liquid sample with aerosols dissolved in it. During each flight, the PILS continuously
sampled from an isokinetic inlet at a flowrate of 15 L/min. The size-cut was provided by
a non-rotating MOUDI impactor with 50% transmission efficiency of 1 µm (aerodynamic
diameter) at 1 atm ambient pressure [54]. Upstream of the PILS were two honeycomb
denuders coated with sodium carbonate and phosphorous acid to remove acidic and basic
gases, respectively. The PILS was connected to a Bretchel fraction collector to collect liquid
samples for offline ion chromatography (IC) analysis [53]. The liquid sample was pushed
into the fraction collector vials at a flowrate of 0.65 mL/min by a peristaltic pump to collect
~1.2 mL of sample per vial every 2 min. The fraction collector system holds 721.5 mL
polypropylene vials (Microsolv Technology Corporation, Leland, NC, USA) per carousel.
During each flight, carousels were pre-loaded and manually switched out once all the
vials in that carousel had been filled. Blank samples were also collected on each flight by
diverting the sampled air through a High Efficiency Particulate-Free Air (HEPA) filter (Pall
Corp., Port Washington, NY, USA) before being introduced into the PILS. All the data were
background corrected. After each flight, all the vials were removed from the carousels
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and capped with solid caps (Microsolv Technology Corporation, Leland, NC, USA). The
capped vails were stored refrigerated until analyzed. IC analysis of the samples began in
the field and were completed back at Colorado State University (CSU) following the end of
the intensive.

Each vial was brought back to room temperature and then analyzed for anions and
cations. For each analysis, 300 µL aliquots were transferred to polypropylene vials. Anions
were measured using a potassium hydroxide gradient provided by an eluent generator at a
flowrate of 0.015 mL/min. The complete run time was 65 min with an injection volume
of 35 µL. The cations were determined using a Dionex DX-500 IC with a gradient pump,
conductivity detector, and self-regenerating cation suppressor. A Dionex CS-12A analytical
column (3 mm × 150 mm) using an eluent of 20 mM methanesulfonic acid at a flowrate
of 0.5 mL/min was used. The injection volume and run time were 190 µL and 17 min,
respectively. In the discussions presented below, we focused on PM1 NH4

+, SO4
2−, NO3

−,
Cl−, Na+, Ca2+, K+, and Mg2+ inorganic ions measured by the PILS-fraction collector
system.

2.2. Thermodynamic Calculations

The thermodynamic equilibrium model ISORROPIA-II was used to determine the
equilibrium phase-partitioning and composition of an NH4

+–SO4
2−–NO3

−–Cl−–Na+–
Ca2+–K+–Mg2+–water aerosol [22]. The aerosol pH calculated in this study used the molal
definition consistent with the pHF definition by Pye et al. (2020) [14]:

pH = − log10
1000H+

air
W

∼= − log10
1000H+

air
Wi

(1)

where H+
air (µg m−3) is the hydronium ion concentration per volume of air, and W (µg m−3)

is the bulk aerosol water concentration. For simplicity, H3O+ is denoted here as H+ even
though we acknowledge that the unhydrated hydrogen ion is rare in aqueous solutions. W
is the sum of the bulk aerosol water concentrations associated with inorganic and organic
species (i.e., W = Wi + Wo). The concentrations of organic species were low during the
summer IOP [47], thus we expect Wo to be low. Previous studies have also shown that the
effects of Wo to the aerosol pH is not significant [19,34]. Thus, we report aerosol pH only
considering Wi. Wi and H+

air are outputs of the ISORROPIA-II model.
ISORROPIA-II was run in “forward” mode based on the assumptions that the aerosol

was internally mixed, that it existed in a “metastable” equilibrium state (i.e., the aerosols
only existed in liquid form), and that the aerosol was in thermodynamic equilibrium with
the gas phase. Discussions about how the assumption of aerosols being internally mixed
affects predictions of aerosol pH and water will be presented below. In “forward” mode, the
model uses the input of the total concentration of a species (i.e., gas + particle) to calculate
the gas-aerosol equilibrium partitioning concentrations. The water-soluble inorganic NH4

+,
SO4

2−, NO3
−, Cl−, Na+, Ca2+, K+, and Mg2+ concentrations measured by the PILS-fraction

collector system and the meteorological parameters measured onboard the G-1 were used
as model inputs. Gas-phase inorganic measurements were not available for the ACE-ENA
campaign. Thus, we used gas-phase NH3 and HNO3 concentrations previously measured
in the eastern North Atlantic in our thermodynamic calculations [30]. Discussions about
how the inclusions of gas-phase NH3 and HNO3 concentrations in the thermodynamic
calculations impact the predictions of aerosol pH and water will be presented below. In
“reverse” mode, the model uses the input of only the particle-phase concentration of a
species to calculate the gas-aerosol equilibrium partitioning concentrations. “Reverse”
mode was not used in this study because this mode is known to be very sensitive to
measurement errors, which can cause large errors in the predicted aerosol pH [55].

3. Results and Discussion

Conditions in the eastern North Atlantic were clean during the summer IOP. Za-
wadowicz et al. (2021), reported that the mass concentrations of non-refractory PM1
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organics, NH4
+, SO4

2−, and NO3
− measured by an Aerodyne High-Resolution Time-of-

Flight Aerosol Mass Spectrometer during the summer IOP were low, with the mean mass
concentrations of these species ranging from 0.01–0.55 µg m−3 [47]. Low mass concentra-
tions of water-soluble inorganic species were also measured by the PILS-fraction collector
system (Table S1). These low mass concentrations were unsurprising since the sampling
area was far from anthropogenic pollution sources. This provided us with an ideal opportu-
nity to investigate PM1 pH and water in a clean marine environment where anthropogenic
influences were minor.

Thermodynamic calculations were performed for periods where the RH was between
35% and 95%. Periods where the RH was below 35% were excluded because the aerosols
were less likely to be in a liquid state, which would lead to high uncertainties in pH
predictions due to uncertain activity coefficients associated with highly concentrated
solutions under these low RH conditions [56–58]. Periods where the RH was above 95%
were also excluded because the exponential growth in aerosol water with RH would
introduce large pH uncertainties [58]. We used the mass concentrations of water-soluble
PM1 NH4

+, SO4
2−, NO3

−, Cl−, Na+, Ca2+, K+, and Mg2+ measured by the PILS-fraction
collector system. For the dataset used for the thermodynamic calculations, NVCs (i.e., Na+,
Ca2+, K+, and Mg2+) comprised 36.3 ± 16.6% of the PM1 inorganic mass concentration
(which we defined here as the sum of NH4

+, SO4
2−, NO3

−, Cl−, Na+, Ca2+, K+, and Mg2+

mass concentrations). However, there were time periods where NVCs comprised less than
20% of the PM1 inorganic mass concentration.

In the first part of this paper, we assumed that all the water-soluble inorganic ions
were internally mixed in the aerosol, and explored the sensitivity of PM1 pH and water to
gas-phase NH3 and HNO3 concentrations (Section 3.1), and the key factors that strongly
influenced predictions of PM1 pH and water (Section 3.2). In the second part of this paper,
we investigated how assumptions regarding how sea salt species and NVCs mixed in
aerosols (i.e., internal vs. external mixtures) will impact predictions of PM1 pH and water
(Section 3.3).

3.1. Sensitivity of PM1 pH and Water to the Inclusion of Gas-Phase NH3 and HNO3 Concentrations
to ISORROPIA-II

Murphy et al. (2017) previously showed that gas-phase NH3 and HNO3 measurements
can serve as important constraints on aerosol pH in thermodynamic calculations of aerosols
in populated continental locations with anthropogenic emissions [26]. Gas-phase inorganic
measurements were not available for the ACE-ENA campaign. However, gas-phase
measurements conducted several years ago during the ASTEX/MAGE study indicated
that NH3 and HNO3 concentrations are usually low in the eastern North Atlantic during
the summer. During the ASTEX/MAGE study, NH3 mixing ratios ranged from <25 ppt to
710 ppt with a study-averaged mixing ratio of around 200 ppt (around 0.15 µg m−3), while
HNO3 mixing ratios ranged from <8 ppt to 164 ppt with a study-averaged mixing ratio
of around 28 ppt (around 0.09 µg m−3) [30]. In this section, we explore the sensitivities
of PM1 pH and water predictions to gas-phase NH3 and HNO3 concentrations. This will
allow us to determine the effects of excluding gas-phase NH3 and HNO3 concentrations
in aerosol pH calculations for clean remote environments that have substantially lower
concentrations of gas-phase NH3 and HNO3 compared to populated continental locations.
The sensitivities were assessed by perturbing the ISORROPIA-II input concentrations of
total ammonium (TA = NH3 + NH4

+) and total nitrate (TN = HNO3 + NO3
−). Different

concentrations of NH3 and HNO3 were added into the system, and the responses in PM1
pH and water were quantified. The overall goal of these sensitivity tests is to determine
the conditions where gas-phase NH3 and HNO3 serve as critical constraints on aerosol pH
in thermodynamic calculations of aerosols measured during the ACE-ENA campaign.

In our NH3 sensitivity analysis, we added 0.01, 0.12, 0.15, and 0.29 µg m−3 of NH3
into the system. The median and mean NH3 concentrations measured during the AS-
TEX/MAGE study were 0.12 and 0.15 µg m−3, respectively [30]. The addition of 0.12 and
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0.15 µg m−3 of NH3 into the system resulted in average NH3/TA mass ratios of 0.61 ± 0.18
and 0.65 ± 0.17, respectively. It was determined that 0.01 and 0.29 µg m−3 were the 25th
and 75th percentile NH3 concentrations measured during the ASTEX/MAGE study, re-
spectively [30]. The addition of 0.01 and 0.29 µg m−3 of NH3 into the system resulted
in average NH3/TA mass ratios of 0.16 ± 0.14 and 0.77 ± 0.13, respectively. Based on
the average NH3/TA mass ratios, the addition of 0.01 µg m−3 of NH3 into the system
assumes that majority of the TA species is in the aerosol phase in the form of NH4

+ ions.
In contrast, the addition of 0.12, 0.15, and 0.29 µg m−3 of NH3 into the system assumes
that the majority of the TA species is in the gas phase as NH3. Figure 1a compares the
different median and mean pH values with the 10th, 25th, 75th, and 90th percentile values
calculated for the different NH3 concentrations added into the system. The median pH
did not change substantially for the range of NH3 concentrations added (differed by a
maximum of 0.05 units). However, the mean pH increased by approximately 0.4 units
upon the addition of ≥0.12 µg m−3 of NH3 into the system. In addition, the 10th percentile
pH value increased by approximately 1.8 units when ≥0.12 µg m−3 of NH3 was added.
This was because a subset of PM1 in the dataset had low mass concentrations of NH4

+

and NVCs. The addition of 0.12 µg m−3 of NH3 into the system resulted in a decrease in
H+

air for this subset of PM1 due to NH3–NH4
+ gas-aerosol partitioning. This was demon-

strated by the noticeable decrease in the 10th percentile H+
air value (1.7 × 10−4 µg m−3 to

3.2 × 10−5 µg m−3) when 0.12 µg m−3 of NH3 was added into the system (Figure S1a).
Adding more NH3 into the system did not change the pH of this subset of PM1 substantially,
as demonstrated by the somewhat similar mean pH values (differed by a maximum of
0.1 units) and 10th percentile pH values (differed by a maximum of 0.2 units) obtained
when 0.12 vs. 0.15 and 0.29 µg m−3 of NH3 were added into the system. This was because
aerosol pH was weakly sensitive to a wide NH3 concentration range due to pH buffering
caused by the partitioning of NH3 between the gas and aerosol phases [59]. The addition
of 0.01 to 0.29 µg m−3 of NH3 into the system did not result in significant changes in Wi
(Figure S1b).
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In our HNO3 sensitivity analysis, we added 0.02, 0.08, 0.09, and 0.12 µg m−3 of
HNO3 into the system. The median and mean HNO3 concentrations measured during the
ASTEX/MAGE study were 0.08 and 0.09 µg m−3, respectively [30]. The addition of 0.08
and 0.09 µg m−3 of HNO3 into the system resulted in average HNO3/TN mass ratios of
0.75 ± 0.15 and 0.77 ± 0.14, respectively. It was determined that 0.02 and 0.12 µg m−3 were
the 25th and 75th percentile HNO3 concentrations measured during the ASTEX/MAGE
study, respectively [30]. The addition of 0.02 and 0.12 µg m−3 of HNO3 into the system
resulted in average HNO3/TN mass ratios of 0.48 ± 0.19 and 0.81 ± 0.12, respectively.
Figure 1b compares the different median and mean pH values with the 10th, 25th, 75th,



Atmosphere 2021, 12, 1040 8 of 17

and 90th percentile values calculated for the different HNO3 concentrations added into
the system. Unlike the addition of NH3 into the system, adding HNO3 into the system
did not lead to noticeable changes in the calculated pH values. After the addition of up to
0.12 µg m−3 of HNO3 into the system, the median and mean pH values only differed by
0.29 and 0.1 units, respectively. These small changes in the pH values were due to the weak
sensitivities of H+

air and Wi to the range of HNO3 concentrations added into the system.
There were no significant changes in H+

air, while the median and mean Wi values only
increased by a maximum of 0.22 and 0.25 µg m−3, respectively (Figure S2). The increase in
Wi can be attributed to the thermodynamic model partitioning a fraction of HNO3 from
the gas phase to the aerosol phase, and the hygroscopicity of particle-phase NO3

− salts.
Overall, our sensitivity analysis demonstrated that even though NH3 (and HNO3) may

be present at very low concentrations in clean marine atmospheres (relative to continental
locations with anthropogenic emissions), aerosol pH calculations will be sensitive to NH3
concentrations under some conditions. This will especially be the case for populations
of aerosols that have low mass concentrations of NVCs where TA will act as the main
neutralizing agent of aerosol acidity. For pH predictions of PM1 during the summer IOP,
we observed that not including NH3 concentrations into TA in aerosol pH calculations will
lead to the overestimation of aerosol acidity for populations of aerosols that have low mass
concentrations of NH4

+ and NVCs. This is because NH3–NH4
+ gas-aerosol partitioning

calculated in thermodynamic models will be derived solely on the measured particle-phase
NH4

+ mass concentrations. A fraction of this NH4
+ will be partitioned into the gas phase

as NH3 in the thermodynamic model, thus leading to the release of more particle-phase
H+, which will result in the prediction of a more acidic aerosol. In this study, for PM1
populations with low mass concentrations of NH4

+ and NVCs, adding 0.15 µg m−3 of NH3
into the system generally resulted in the predicted pH increasing by approximately 2 units.
Hence, NH3 measurements can serve as important constraints on the pH of aerosols found
in clean marine atmospheres.

3.2. Factors That Influence PM1 pH and Water

For the rest of the discussion carried out in this paper, we assumed that gas-phase
NH3 and HNO3 concentrations during the summer IOP were 0.15 and 0.09 µg m−3,
respectively [30]. These were the mean concentrations measured during the ASTEX/MAGE
study. Under these conditions, the predicted PM1 pH ranged from 0.3 to 8.6, with a mean
pH of 5.0 ± 2.3. Figure 1 shows the different median and mean pH values with the 10th,
25th, 75th, and 90th percentile values calculated when 0.15 µg m−3 of NH3 and 0.09 µg m−3

of HNO3 were included in the thermodynamic calculations.
The dependence of PM1 pH on H+

air is shown in Figure 2. An increase in H+
air generally

led to a noticeable decrease in PM1 pH. H+
air was observed to depend mainly on the total

molar concentration of NVCs (i.e., NVCs = Na+ + Ca2+ + K+ + Mg2+) relative to the
SO4

2− molar concentration in the aerosol. The H+
air values were grouped based on their

NVCs/SO4
2− molar ratios, and their statistics are shown as a function of the NVCs/SO4

2−

molar ratio in Figure 3. H+
air decreased substantially when the NVCs/SO4

2− molar ratio
increased from 0 to 3. In addition, when the amount of SO4

2− was low, even small amounts
of NVCs impacted H+

air significantly. However, when the amount of SO4
2− was high

(comprised at least 30% of the mole fraction of the sum of PM1 NH4
+, SO4

2−, NO3
−, Cl−,

Na+, Ca2+, K+, and Mg2+), small amounts of the NVCs (up to 30% of the mole fraction
of the sum of PM1 NH4

+, SO4
2−, NO3

−, Cl−, Na+, Ca2+, K+, and Mg2+) did not reduce
H+

air substantially. Previous studies have reported that the pH of aerosols in other marine
and coastal regions was similarly impacted by the NVCs/SO4

2− molar ratio. During the
WINTER campaign, the aerosol pH increased by more than 2 units when the SO4

2− mass
concentration decreased and the NaCl mass concentration increased during flights made
over or near coastal regions in northeastern USA [6]. Fine aerosols over the Southern Ocean
became less acidic when the Na+/SO4

2− ratio increased [4]. The relationship between
aerosol acidity and the NVCs/SO4

2− molar ratio can be explained by the non-volatile
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nature of alkaline NVCs present in aerosols. The NVCs preferentially and irreversibly
neutralized SO4

2− in the aerosol over NH3, which reduced the concentration of H+ in the
aerosol.
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The influence of Wi on PM1 pH was also evident in Figure 2. For any given H+
air

value, smaller pH values were predicted for smaller Wi values. Since Wi was predicted by
ISORROPIA-II from the mass concentrations of water-soluble inorganic species, one would
expect Wi to be dependent on RH and the mass concentrations of hygroscopic inorganic
species. Although NVCs are known hygroscopic species that can elevate Wi, no obvious
relationship was observed between the NVCs mass loadings and Wi for PM1. SO4

2− was
the major anion species with high hygroscopicity in PM1. In general, Wi increased with the
SO4

2− mass concentration and RH (Figure S3). No obvious relationships were observed
between Wi and NO3

− and Cl−, and this was likely due to the low mass concentrations of
NO3

− and Cl−.
To determine the major factors that influence PM1 pH during the summer IOP, we

performed a series of sensitivity tests of PM1 pH to major water-soluble inorganic ions (i.e.,
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SO4
2−, Na+, Ca2+, K+, and Mg2+), (TA = NH3 + NH4

+), and meteorological conditions (i.e.,
RH and temperature). In each sensitivity test, we evaluated how the variable affected the
PM1 pH by inputting the real-time measured value of this variable and the mean values
of the other parameters into ISORROPIA-II. The relative standard deviation (RSD) of the
re-calculated pH values reflected the degree of sensitivity that variations in the variable
had on aerosol acidity. The larger the RSD was, the greater the impact the variable had on
the aerosol acidity (and vice versa). This method was previously utilized by Ding et al.
(2019) and Wang et al. (2020) to determine the major factors that influence aerosol pH in
different parts of China [36,60].

Table 1 shows the results of the PM1 pH sensitivity tests. PM1 pH was found to be
most sensitive to SO4

2− and Ca2+. Elevated SO4
2− levels were essential for the increase of

H+
air and Wi (Table S2), thus it played a key role in influencing aerosol acidity. Elevated Ca2+

levels could reduce H+
air substantially to increase the PM1 pH (Table S2), especially in cases

where the mass concentration of SO4
2− in the aerosol was low. In the ISORROPIA-II output,

Ca2+ existed primarily as CaSO4, which is a marginally water-soluble species [22]. PM1
pH was insensitive to variations in TA, and this could be due to the high mean values of
NVCs used in the sensitivity test. As discussed in Section 3.1, variations in TA will mostly
affect the pH of PM1 populations that have low mass concentrations of NVCs. Although
PM1 pH was somewhat insensitive to variations in meteorological conditions (i.e., RH
and temperature), RH impacted Wi substantially (Table S2). Elevated RH conditions could
enhance water uptake, which will lead to an increase in Wi (Figure S3). Consequently, high
levels of Wi can promote the gas-to-aerosol partitioning of NH3 and HNO3.

Table 1. Sensitivity of PM1 pH to SO4
2−, TA (NH3 + NH4

+), Na+, Ca2+, K+, Mg2+, RH, and
temperature. The larger the relative standard deviation (RSD) was, the greater the impact the variable
had on pH.

Impact Factor SO42− TA Na+ Ca2+ K+ Mg2+ RH Temp

pH-RSD (%) 33.4 0.12 11.9 35.6 12.9 24.6 1.8 0.6

Figure 4a shows the vertical distribution of PM1 pH from 0 to 2500 m altitude. The
majority of the PM1 pH values reported here were for PM1 below 1 km due to the RH
range (35–95%) chosen for thermodynamic calculations. RH, temperature, and aerosol
mass concentrations decreased with altitude. The 250 m altitude-binned statistics showed a
somewhat uniform PM1 pH range of 2 to 7.5 for altitudes below 1.5 km, and slightly lower
PM1 pH ranges for altitudes above 1.5 km. The 250 m altitude-binned median and mean
PM1 pH values increased with altitude. This can be attributed primarily to the decrease
in H+

air with altitude, which was likely caused by the decrease in the molar ratio of SO4
2−

with altitude (Figure 4b). Here, we defined the SO4
2− molar ratio as the SO4

2− molar
concentration divided by the sum of the molar concentrations of PM1 NH4

+, SO4
2−, NO3

−,
Cl−, Na+, Ca2+, K+, and Mg2+.

Crustals were treated explicitly in our above ISORROPIA-II analysis. Previous studies
that used the E-AIM thermodynamic model to predict aerosol acidity sometimes treated
crustals as mole-equivalent Na+ (i.e., Ca2+ = 2Na+, Mg2+ = 2Na+, and K+ = Na+) because
E-AIM cannot explicitly treat crustal species. The mole-equivalent Na+ treatment does not
impact aerosol pH predictions significantly (difference of less than 1 unit) in areas with low
levels of NVCs. We examined the impact that treating crustals as mole-equivalent Na+ will
have on pH predictions of ACE-ENA PM1 where NVC concentrations were substantial.
Higher mean and median pH values were predicted (approximately 1.0 units and 3.1 units
higher, respectively) when Ca2+, Mg2+, and K+ were treated as mole-equivalent Na+

(Figure S4). Differences in the predicted pH values were due to substantial differences in
predicted H+

air and Wi values between the two treatments, which were caused by the non-
ideality of divalent ions (i.e., Ca2+ and Mg2+) and the different hygroscopicity behaviors
of Na+ salts vs. Ca2+, Mg2+, and K+ salts. In particular, Wi values were noticeably higher
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in the mole-equivalent Na+ treatment (approximately 1.0 µg m−3 higher on average).
This was due to the formation of marginally soluble CaSO4 in calculations where crustals
were explicitly treated [22]. CaSO4 does not significantly contribute to water uptake [56],
which will lead to smaller predicted Wi values in these calculations. Overall, our analysis
emphasizes the need to treat crustals explicitly in thermodynamic calculations of PM1 in
marine atmospheres (or any other environments with substantial mass concentrations of
NVCs). Not doing so will lead to erroneous predictions of aerosol pH, which has important
implications for gas-aerosol partitioning predictions.
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3.3. Internal Mixture vs. Mixture with Two Modes

Our analysis up to this point assumed that all the water-soluble inorganic ions were
internally mixed in the aerosol. Thus, pH predictions presented above were obtained using
the total PM1 NH4

+, SO4
2−, NO3

−, Cl−, Na+, Ca2+, K+, and Mg2+ mass concentrations
measured by the PILS-fraction collector system for thermodynamic calculations. However,
aerosols that are close to source regions are likely externally mixed. Gas-aerosol interactions,
interactions between particle-phase species, and atmospheric aging during transport will
make aerosols more homogeneous, eventually leading to internally mixed aerosols [61].
Particle-phase species in marine atmospheres have traditionally been divided into two
groups: those that originate from sea salt, and those that originate from non-sea salt (nss)
sources. In relatively clean marine atmospheres like the eastern North Atlantic, sea–salt
species (especially the NVCs) are expected to contribute a significant mass fraction of
aerosols. Sea salts are known to be naturally alkaline [11]. In addition, sea salts are mainly
present in the coarse mode, with a tail extending into the fine mode [62]. Hence, non-sea
salt species are often not well mixed with sea-salt species in fine aerosols due to their
different sources and sizes.

In this section, we investigate how assumptions regarding how sea-salt species and
NVCs were mixed in aerosols (i.e., internal vs. external mixtures) will impact predictions of
PM1 pH and water. We consider the scenario that non-sea salt species and sea-salt species
were present in two separate aerosol modes in the PM1 (i.e., completely externally mixed).
The mode consisting of non-sea salt species was assumed to be internally mixed. Again,
we assumed that gas-phase NH3 and HNO3 concentrations were 0.15 and 0.09 µg m−3,
respectively. NH3, HNO3, and water vapor were assumed to still equilibrate between
these two modes due to the short equilibrating timescales for PM1 [56,63,64]. Assuming
that all the measured Na+ and Cl− in PM1 were exclusively from sea salt, mass concen-
trations of non-sea salt K+, Mg2+, Ca2+, and SO4

2− can be calculated using the following
equations [65]:

nssK+ = K+ − 0.037 × Na+ (2)
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nssMg2+ = Mg2+ − 0.012 × Na+ (3)

nssCa2+ = Ca2+ − 0.037 × Na+ (4)

nssSO2−
4 = SO2−

4 − 0.25 × Na+ (5)

For instances where the calculated mass concentration of the non-sea salt species
were a negative value, the negative calculated value was substituted with 0 µg m−3. This
treatment of negative calculated non-sea salt mass concentrations only affected 2% of the
dataset. Non-sea salt NVCs comprised 28.9% ± 15.9% of the PM1 non-sea salt inorganic
mass concentration. Thermodynamic calculations were performed to predict the pH of the
aerosol mode containing non-sea salt species. These results were then compared to those
presented in Section 3.2, which provided insights into how the assumption that non-sea salt
species are internally mixed with sea-salt species in the aerosol will impact pH predictions.

Figure 5 compares the median and mean pH values with the 10th, 25th, 75th, and 90th
percentile values calculated for internally mixed aerosols vs. the aerosol mode containing
only non-sea salt species. For the aerosol mode comprised only of non-sea salt species,
ISORROPIA-II predicted smaller median and mean pH values compared to those predicted
using the internally mixed aerosol assumption (differed by 1.8 and 0.8 units, respectively).
The differences in the predicted pH values were due to substantial differences in predicted
H+

air and Wi values (Figure S5). On average, higher H+
air values were predicted for the

aerosol mode containing only non-sea salt species compared to internally mixed aerosols
(3.20 × 10−5 vs. 1.23 × 10−5 µg m−3). This was unsurprising since the aerosol mode
containing only non-sea salt species had lower mass concentrations of alkaline NVCs after
the exclusion of sea-salt NVCs in the thermodynamic calculations. In addition, smaller Wi
values were predicted for the aerosol mode containing only non-sea salt species (1.7 vs.
0.9 µg m−3) due to the lower mass concentrations of hygroscopic NVC species.
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It should be noted that the range of predicted pH values for the aerosol mode con-
taining only non-sea salt species was higher than those reported by Nault et al. for PM1
over the Pacific, Southern, Atlantic, and Artic Oceans (pH 1–3) [28]. This was because
Nault et al. (2021) excluded all the NVCs (i.e., non-sea salt NVCs and sea-salt NVCs) from
their thermodynamic calculations. The authors showed that PM1 NVC mass concentra-
tions were low during their field campaign, and thus would not impact their PM1 pH
predictions substantially. In contrast, we observed that the non-sea salt NVCs constituted a
significant mass fraction of the PM1 non-sea salt inorganic mass concentration during the
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ACE-ENA campaign (an average of 28.9% ± 15.9%), and thus they were included in our
thermodynamic calculations for the aerosol mode containing only non-sea salt species.

Overall, our results showed that assumptions of the mixing characteristics of aerosols
(i.e., internally vs. externally mixed) can significantly impact predicted pH values for fine
aerosols in marine atmospheres. Despite these differences, the pH values of the aerosol
mode containing only non-sea salt species demonstrated similar trends as those of the
internally mixed aerosols. The pH of the aerosol mode containing only non-sea salt species
depended strongly on H+

air, where an increase in H+
air generally led to a noticeable decrease

in pH. Similarly, H+
air was observed to depend mainly on the total molar concentration of

non-sea salt NVCs relative to the molar concentration of non-sea salt SO4
2− in the aerosol

mode. In addition, the pH values of the aerosol mode containing only non-sea salt species
also increased with altitude due to the decrease in the molar ratio of non-sea salt SO4

2− in
the aerosol mode (i.e., non-sea salt SO4

2− molar concentration divided by the sum of the
molar concentrations of non-sea salt species) with altitude.

4. Conclusions

The pH of aerosols in remote marine atmospheres influences many important atmo-
spheric processes that occur in the marine boundary layer, including regulating halogen
and sulfur chemistries, and nutrient fertilization of surface ocean waters [11,14]. However,
the scarcity and limitations (e.g., use of ion balance and molar ratio to determine aerosol
pH) of currently available data of aerosol acidity in remote marine atmospheres hinders
our understanding of these processes. In this study, we used ISORROPIA-II to predict the
acidity of PM1 over the eastern North Atlantic during the summer IOP of the ACE-ENA
campaign. Conditions over the eastern North Atlantic were clean during the summer IOP,
as reflected by the low mass concentrations of water-soluble species in PM1 measured
by the PILS-fraction collector system. We first assessed the sensitivities of PM1 pH and
water predictions to a range of gas-phase NH3 and HNO3 concentrations. Our sensitivity
analysis revealed that aerosol pH calculations are sensitive to NH3 concentrations even
though NH3 may be present at very low concentrations in clean marine atmospheres. Not
including NH3 concentrations in aerosol pH calculations will lead to the overestimation
of aerosol acidity for populations of aerosols that have low mass concentrations of NH4

+

and NVCs. Thus, NH3 measurements serve as important constraints on pH calculations of
aerosols in clean marine atmospheres.

Gas-phase NH3 and HNO3 concentrations measured previously in the eastern North
Atlantic were used to constrain the aerosol pH calculations. Using the assumption that
aerosols were internally mixed (i.e., bulk PM1), we determined that PM1 pH ranged
from 0.3 to 8.6, with a mean pH of 5.0 ± 2.3. The pH depended on both H+

air and Wi.
H+

air was controlled primarily by the total molar concentration of NVCs relative to the
SO4

2− molar concentration, while Wi was controlled by the SO4
2− mass concentration

and RH. Overall, the pH was most sensitive to changes in PM1 SO4
2− and Ca2+ mass

concentrations. Elevated SO4
2− levels were essential for the increase of H+

air and Wi.
Elevated Ca2+ levels could lead to substantial reduction of H+

air, especially in cases where
the mass concentration of SO4

2− in the aerosol was low. Our analysis also indicated that
PM1 acidity decreased with altitude. This was due to the decrease in H+

air with altitude,
which was likely caused by the decrease in the molar ratio of acidic SO4

2− with altitude.
Since aerosols in marine atmospheres are rarely internally mixed, we also considered

the scenario where non-sea salt species and sea-salt species were present in two separate
aerosol modes (i.e., completely externally mixed) in the PM1. We showed that smaller pH
values would be predicted for the aerosol mode comprised only of non-sea salt species
(difference of around 1 unit on average). This was due to the exclusion of sea-salt species
(especially hygroscopic alkaline NVCs), which generally led to increases in H+

air values
and decreases in Wi values. This analysis indicated that assumptions of aerosol mixing
states can impact aerosol pH predictions substantially. Given the non-linear response of
many marine boundary layer atmospheric processes to aerosol pH, further assessment
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of the possible effects of aerosol mixing states on aerosol pH should be carried out for
other marine atmospheres that are chemically different from the eastern North Atlantic
conditions evaluated in this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12081040/s1. Figure S1: Box plots depicting the median (a) H+

air, and (b) Wi values
calculated by ISORROPIA-II for the different concentrations of gas-phase NH3 added into the system.
Figure S2: Box plots depicting the median (a) H+

air, and (b) Wi values calculated by ISORROPIA-II
for the different concentrations of gas-phase HNO3 added into the system. Figure S3: Box plots of
Wi vs. (a) SO4

2−, and (b) RH. Figure S4: Box plots depicting the median (a) pH, (b) H+
air, and (c) Wi

values calculated by ISORROPIA-II where crustals were treated explicitly vs. as mole-equivalent Na+.
Figure S5: Box plots depicting the median (a) H+

air, and (b) Wi values calculated by ISORROPIA-II
for internally mixed aerosols vs. the aerosol mode containing only non-sea salt species. Table S1:
Average mass concentrations of chemical species measured by the PILS-fraction collector system.
Table S2: Sensitivity of H+

air and Wi to SO4
2−, TA (NH3 + NH4

+), Na+, Ca2+, K+, Mg2+, RH, and
temperature.
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