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Airborne cloud water measurements are examined in this study, with a focus on pH and interrelationships
with influential species for three regions: the Northwest Atlantic (winter and summer 2020-2022), the West
Pacific (summer 2019), and the Northeast Pacific (summers between 2011 and 2019). Northwest Atlantic
results are categorized into three ways: data closer to the U.S. east coast for (i) winter, (i) summer, and
(iii) summertime measurements over Bermuda. The median pHs are as follows: Northwest Atlantic
winter/summer = 4.83/4.96, Bermuda = 4.74, West Pacific = 5.17, and Northeast Pacific = 4.40. The
regions exhibit median pH values of ~4-6 across various altitude bins reaching as high as 6.8 km, with
the overall minimum and maximum values being 2.92 and 7.58, respectively (both for the Northeast
Pacific). Principal component analysis of species to predict pH shows that the most influential principal

component is anthropogenic in nature. Machine leaning modeling suggests that the most effective
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Accepted 26th August 2025 combination of species to predict pH includes some subset of oxalate, non-sea salt Ca?*, NOs~, non-

sea salt SO,427, and methanesulfonate. These results demonstrate that cloud water acidity is relatively

DOI: 10.1039/d5€a00070j well constrained between a pH of 4 and 5.5 and that anthropogenic activities impact regional cloud

rsc.li/esatmospheres water pH in the areas examined, with dust offsetting acidity at times.

Environmental significance

Cloud water acidity has significant implications for atmospheric chemistry and effects on human health and ecosystems due to its deposition in the form of
precipitation. Cloud water acidity, as represented by pH, can also provide clues about air mass sources influencing an area. It is challenging to characterize the
PH of clouds over the ocean, and to fill that gap, this study used aircraft to collect such data over the Northwest Atlantic, the West Pacific, and the Northeast
Pacific. Each region shows distinct relationships between the chemical constituents and pH levels. Results indicate a strong influence of anthropogenic
emissions, with occasional influence due to dust, on cloud water pH in each region, which is generally constrained between 4 and 5.5. This research supports the
improvement of air quality management and encourages future research on cloud water pH in other regions, especially due to the growing interest in aerosol-
cloud interactions.

1 Introduction
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Cloud water acidity has important implications for the phase
partitioning of semi-volatile gases, aqueous-phase chemical
reactions, pollutant lifetimes, and effects on health and
ecosystems after deposition. pH is the measurement of acidity
and is influenced by the chemical constituents in cloud water.
By studying the acidity and chemical composition of water
droplets, insights can be gained about air mass sources
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impacting clouds and their effects on wet deposition."* Cloud
water acidity can provide insights into aerosol-cloud interac-
tions, which represent the largest source of uncertainty in
estimates of anthropogenic radiative forcing.>* These interac-
tions involve aerosol effects on clouds (e.g., droplet activation)
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and cloud effects on aerosol, such as aqueous chemistry® and
wet scavenging to remove aerosol from clouds.*” The subset of
aerosol particles that act as cloud condensation nuclei (CCN)
can directly impact cloud water pH.** In contrast, after wet
scavenging and precipitation, any particles remaining in the air
after droplet evaporation that did not deposit to the surface
could have altered properties relative to the original CCN.
Studies examining cloud water pH in various regions
(Table 1) provide contextual information for this work. Shah
et al. (2020)" compiled global cloud water data to investigate pH
measurements for comparison with the GEOS-Chem model and
concluded that the observed global mean cloud water pH is
5.2 + 0.9, with a range from 3 to 8. The lowest pH values were
observed over East Asia, dropping below 4.3 in China and Japan.
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pH values were low over the North Pacific, averaging around 4.5.
In the U.S,, the average pH ranges from 4 to 5, similar to the pH
in Europe.’® Gioda et al. (2011)" collected cloud water samples
on a mountaintop in Puerto Rico 300 m above cloud base and
found an average pH of 5.8. This is a typical average pH for
a remote site with little influence from anthropogenic emis-
sions.™ This is comparable to the Sinhaged Hill Station in India,
with a reported average pH value of 6.0, ranging from 4.7 to
7.4." This remote site is covered with vegetation but is influ-
enced by wood-burning emissions from cooking." A study by
Sun et al. (2010)" on Mt. Heng, China, found an average cloud
water pH of 3.80, ranging from 2.91 to 6.91. On Mt. Tai Mo
Shan, Hong Kong, Li et al (2020)" reported a comparable
average pH of 3.63 and a range from 2.96 to 5.94. Anthropogenic

Table 1 Relevant information from previous work, sorted chronologically by the study period, documenting cloud water pH over different
regions. The table is also divided by cloud water samples collected by aircraft and via surface measurements on mountaintops

Location Study period Sample #  Average Median  Range Reference
Cloud water samples collected by aircraft
Hawaii Jun 1980 5 4.46 4.5 4.2-4.7 Parungo et al., (1982)"
Northwestern Pacific Dec 1996-Feb 1997 6 — — 3.8-5.0 Watanabe et al., (2001)"
Ocean and Japan Sea
Pacific Ocean Jul 2001 50 — 4.01 3.26-4.82  Straub et al., (2007)"
Northern Michigan Jun-Aug 2005 20 4.4 — 2.2-5.2 Hill et al., (2007)"®
Southeastern Pacific Ocean  Oct-Nov 2008 72 4.3 — 2.9-7.2 Benedict et al., (2012)"°
Northeastern Pacific Ocean  Jul-Aug 2011 82 4.46 — 2.92-7.58  Wang et al., (2014)*°
Northeastern Pacific Ocean  Jul-Aug 2011, 235 4.26 (coupled clouds) — — Wang et al., (2016)"
2013, 2015 and 4.48
(decoupled clouds)
Northeastern Pacific Ocean  Jul-Aug 2013 48 4.3 — — Prabhakar et al., (2014)*
Metro Manila, Philippines ~ Aug-Oct 2019 159 5.04 5.19 3.79-5.93  Stahl et al., (2021)*
Cloud water samples collected on mountaintops
Alaska Aug-Sep 1984, 20 4.49 4.80 — Bormann et al., (1989)*
Jul-Aug 1985
Mary's Peak, Oregon Jun-Nov 1985 14 4.67 5.21 .
Mt. Washington, Jun-Aug 1984-2010 — 4.3 — — G. L. D. Murray
New Hampshire et al., (2013)**
Mt. Mitchell, May-Jun 1986-1987 6 3.45 (continental) — 3.09-4.17  Deininger and Saxena
North Carolina 4 3.29 (marine) — 2.99-3.83  etal, (1997)*°
Cheeka Peak Observatory, May 1993 102 4.2 — — Vong et al., (1997)*
Washington State
Whiteface mountain, 1994-2021 9429 — 3.78 2.44-7.08  Lawrence et al. (2023)*”
New York (1994)
5.34
(2021)

Puy de DOome, France 2001-2011 143 5.5 5.6 3.1-7.6 Deguillaume

et al., (2014)*®
East Peak Puerto Rico Dec 2004-Mar 2007 45 5.8 — — Gioda et al., (2011)"
Mt. Elders, Arizona Jun-Sep 2005-2007 — — 6.64 5.12-6.66  Hutchings et al., (2009)*°
Sinhagad hill station June 2007-Dec 2010 123 6.0 — 4.7-7.4 Budhavant et al., (2014)"?
southwest of Pune, India
Mt. Tai, China 2007-2008 243 4.60 4.34 2.56-7.64  Guo et al., (2012)*°
Mt. Heng, China Mar-May 2009 38 3.80 — 2.91-6.91  Sun et al., (2010)"?
Mt. Schmiicke, Germany Sep-Oct 2010 60 4.29 4.56 3.6-5.3 van Pinxteren

et al., (2016)*'
Mt. Lu, China Aug-Sep, 2011-2012 141 3.79 — 2.75-5.84  Sun et al., (2015)**
Mt. Tai, China Jul-Oct 2014 85 5.87 - 3.80-6.93  J.Lietal, (2017)*
Mt. Tai, China Jun-Aug 2015 10 4.9 — 3.6-6.6 Zhu et al., (2018)**
Mt. Tai Mo Shan, Oct-Nov 2016 32 3.63 — 2.96-5.94  Lietal, (2020)"*

Hong Kong
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emissions influence both Mt. Heng and Mt. Tai, with the former
being heavily influenced by acid deposition due to its proximity
to China's leading industrial regions.*

Airborne cloud water research provides insights into marine
environments and their cloud properties. For example, airborne
measurements collected over the southeast Pacific Ocean
(VOCALS-Rex) revealed an average pH of 4.3 and a range from
2.9 to 7.2." Airborne measurements over the northeastern
Pacific Ocean (E-PEACE) showed a comparable average (4.46)
and range (2.92-7.58) to the southeastern Pacific Ocean.” The
wide range of pH for the maritime clouds in VOCALS-Rex and E-
PEACE is surprising, considering other studies on maritime
clouds found a narrower range. For example, Straub et al
(2007)*” and Watanabe et al. (2001)'® observed a pH range of 3 to
5 for maritime clouds (Table 1).

The chemical composition of CCN and trace gases impacting
cloud water differs between regions, leading to distinct inter-
relationships with pH. Lower pH values can indicate anthro-
pogenic emissions (sulfur dioxide, nitrogen oxides, and organic
acids), while higher pH values can indicate alkaline substances
(ammonia and non-volatile cations).>** For example, Gioda
et al. (2011)"* observed that the pH decreased with air masses
from anthropogenic influences of NO;~ and SO,>". Similarly,
Benedict et al. (2012)" noted lower pH values and higher sulfur
dioxide and sulfate concentrations near the shore in the
southeastern Pacific Ocean. Wang et al. (2014)* observed the
lowest pH values off the central coast of California when there
were high levels of vanadium and nitrate, which were traced to
ship emissions. Wang et al. (2016)" subsequently showed for the
same region that cloud water pH is generally lower for clouds
coupled to the ocean (4.26) as compared to decoupled clouds
(4.48); this result was also recently demonstrated for the
Northwest Atlantic by Zeider et al. (2025).° It is crucial to
investigate the chemical composition of cloud water and cloud
water acidity to improve air quality management and policy
planning for health and ecosystems.

The present work examines airborne cloud data in three
diverse marine regions: the Northwest (NW) Atlantic, the West
(W) Pacific, and the Northeast (NE) Pacific. Despite many
decades of research investigating cloud water acidity, there is
less research on marine environments with data collected by
aircraft. The campaigns in each region offer many samples
(=237 per region) of pH and constituents to characterize the
acidity. In addition to regional comparisons, we examine the

a) NW Atlantic

b) W Pacific
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vertical characteristics, interrelationships between pH and
other measured species, and seasonal differences as samples
were collected in both summer and winter in one of the regions
where the mission design focused on seasonal differences in
aerosol-cloud interactions (Northwest Atlantic).

2 Data and methods

2.1 Field campaigns

2.1.1 Northwest Atlantic (ACTIVATE). The Northwest
Atlantic dataset is associated with the NASA Aerosol Cloud
meTeorology Interactions oVer the western ATlantic Experi-
ment (ACTIVATE) airborne field campaign. The campaign
focused on characterizing relationships between aerosol-cloud
interactions, meteorology, and marine boundary layer clouds
over the Northwest Atlantic during winter and summer for each
year between 2020 and 2022.*° The Northwest Atlantic dataset
represents clouds ranging from stratiform to cumulus clouds.
Two NASA Langley research aircraft flew in spatial coordination:
the higher-flying King Air and the lower-flying HU-25 Falcon
(hereafter called Falcon). The King Air flew steadily at ~9 km,
releasing dropsondes and using remote sensing to retrieve
particle and cloud properties below the aircraft. The Falcon
generally remained at <3 km altitude and conducted in situ
measurements of trace gases, aerosol particles, clouds, precip-
itation, and atmospheric state parameters within and just above
the marine boundary layer. The data used in this paper will be
exclusively from the Falcon, with 271 cloud water samples
collected during the 174 research flights, most of which were
based out of NASA Langley Research Center (LaRC). An inten-
sive period of operations was based out of Bermuda in June
2022. Due to its significant spatial separation from the rest of
the ACTIVATE flights, this subset of data (14 samples) is sepa-
rated for parts of the analysis of this study. For the flights closer
to the U.S. East Coast, results are also separated based on
season: winter = 178 samples; summer = 79 samples. Fig. 1
shows spatial maps of pH for the Northwest Atlantic samples
and the next two regions. Full details of ACTIVATE's flights and
instruments can be found elsewhere.”” Cloud water was
collected using the Axial Cyclone Cloud-water Collector (AC3
(ref. 38)).

2.1.2 West Pacific (CAMP’Ex). The West Pacific data stem
from the NASA Cloud, Aerosol, and Monsoon Processes Phil-
ippines Experiment (CAMP”Ex), which aimed to characterize

c) NE Pacific
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Fig.1 Spatial maps of cloud water pH measured over the (a) Northwest Atlantic, (b) West Pacific, and (c) Northeast Pacific. Markers are colored by
pH, and the air bases used are labeled on each map. LaRC refers to the NASA Langley Research Center in Hampton, Virginia.
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aerosol processes, cloud physics, and radiation effects over
Southeast Asia during the southeast monsoon.** The NASA P-3B
Orion, Stratton Park Engineering Company (SPEC) Learjet 35,
and various satellites, a ship, and other surface sensors were
utilized for this campaign.®**® This work uses cloud water data
from the NASA P-3B Orion aircraft collected at altitudes ranging
from 0.2 to 6.8 km.*>* A total of 238 cloud water samples were
collected during the 19 research flights from 23 August to 5
October 2019. Flights were flown out of the Clark International
Airport in the Philippines. Cloud water was collected using the
AC3 mentioned above® CAMPEx samples were collected under
conditions marked by tropical storm convective cores, cold
pools, broken shallow cumulus clouds, and congestus clouds.

2.1.3 Northeast Pacific. Data used from the Northeast
Pacific were derived from the following six campaigns spon-
sored by the Office of Naval Research: Eastern Pacific Emitted
Aerosol Cloud Experiment (E-PEACE, 2011), Nucleation in Cal-
ifornia Experiment (NiCE, 2013), Biological and Oceanic
Atmospheric Study (BOAS, 2015), Fog and Stratocumulus
Evolution Experiment (FASE, 2016), MONterey Aerosol Research
Campaign (MONARC, 2019), and Marine Aerosol Cloud And
Wwildfire Study (MACAWS, 2018). Flights were conducted with
the Naval Postgraduate School Twin Otter based out of Marina,
California, between May and August, with a complete descrip-
tion of the aircraft missions and instruments provided else-
where.*" A total of 517 cloud water samples were collected using
a slotted-rod collector,>* with the data representative of
summertime stratocumulus clouds.

2.2 Cloud water collectors and chemical analysis

2.2.1 Axial Cyclone Cloud-water Collector (AC3). The cloud
water data collected for the Northwest Atlantic and West Pacific
relied on the Axial Cyclone Cloud-water Collector (AC3). The
AC3 concept expands and revises the axial cyclone concept
described by Straub and Collett (2004).** The AC3 samples cloud
water by separating droplets from the primary airflow. The axial
cyclone technique involves imparting swirl on an axial flow
(using an in-line stator) and then collecting cloud water along
the direction of the free stream. This creates a helical flow
pattern resulting in centrifugal separation of large particles and
droplets from the air stream. For optimal airborne cloud water
collection, the cloud droplets are migrated to the outer walls for
capture, while aerosol particles remain in the air stream to be
exhausted. This design allows for a high volume of collected
cloud water during cloud penetrations and the possibility of
high temporal resolution sampling.*®

Samples in the Northwest Atlantic and West Pacific were
collected when the aircraft was in cloud, and a shutter was used
to reduce contamination when the aircraft was out of cloud.”»*
For the Northwest Atlantic, sample duration times ranged from
25 s to 83 min, while in the West Pacific, durations ranged
between 15 s and 13 min. Longer duration samples usually are
due to a combination of extended periods when the aircraft was
out of cloud and/or very low liquid water content values in clouds.
For both regions, the samples were collected under vacuum
through a Teflon sampling line inside the respective aircraft

© 2025 The Author(s). Published by the Royal Society of Chemistry
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platforms used and deposited in 15 mL high-density polyethylene
centrifuge tubes. Samples were collected and stored in coolers
with ice packs during flights to reduce decomposition. After
flights, samples were kept refrigerated until analysis in a labora-
tory for pH and other chemical speciation analyses.>>*” Flights
from all of the regions in this study were done during the
daytime, and thus it is not expected that differences in time of
day for sample collection impacted the results.

2.2.2 Slotted-rod collector. Cloud water was collected over
the Northeast Pacific using the Mohnen slotted-rod collector.
The rod is based on the principle of inertial impaction of
droplets onto a cylinder.** When droplets move with the air
around the cylinder, larger ones will be intercepted by the
cylinder due to their inertia.*® When in a cloud, the slotted rod
collector was manually extended out of the top of the Twin Otter
aircraft, with liquid droplets deposited in high-density poly-
ethylene bottles that were kept cool with ice packs and then
refrigerated after flights until laboratory analysis was conduct-
ed.***” Sample collection duration ranged from 2 to 90 min.

It is important to acknowledge that this study compared data
collected from two separate cloud water collectors. However, the
Mohnen slotted-rod collector was directly compared to the AC3
on the Naval Postgraduate School Twin Otter during the Fog
and Stratocumulus Evolution (FASE), which is one of the
campaigns used in this study.*® The results found that the two
collectors showed good agreement with the comparison of trace
species concentrations. This does not preclude differences in
sample collection due to usage of different aircraft; however,
still the results within a fixed region intercomparing species
concentrations to pH are robust owing to reliance on the same
measurement setup. Further information about the comparison
can be found in Crosbie et al. (2018).*®

2.2.3 Laboratory analysis. Each cloud water sample was
separated into fractions for different types of analysis: pH,
water-soluble ionic composition (Ion Chromatography, IC), and
water-soluble elemental composition (Inductively Coupled
Plasma Mass Spectrometry, ICP-MS).** Table 2 details the
instruments used in each region, the duration of sample
collection, and the species list. IC analysis was conducted for all
regions, but ICP-MS was done only for the Northwest Atlantic
and Northeast Pacific. While samples were efficiently analyzed
for pH and IC post-flight for most campaigns, ICP-MS analysis
took place weeks later for all campaigns. There is the possibility
of error in these measurements owing to sample storage even
while being kept cool during and after flights.> Measurement
uncertainties for the analytical techniques used are summa-
rized in detail by numerous other studies using these field
campaign datasets (Northwest Atlantic,”” West Pacific,® and
Northeast Pacific*'), with uncertainties being species-
dependent and typically <30%. The data quality control
process included flushing of the cloud water collectors with
ultrapure MilliQ water (18.2 MQ cm) before and after flights,
with blank samples collected prior to flights after cleaning.
Blank concentrations were subtracted from true samples for
individual species.

The anions included in this study are methanesulfonate
(MSA), oxalate, NO;~, and the calculated NSS-SO,>”. The

Environ. Sci.. Atmos., 2025, 5, 1158-1172 | 1161
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Table 2 Summary of sample collection and laboratory analysis details for each region, including the number of cloud water samples collected
and the cloud type for each region. Descriptions extending across multiple columns indicate that the same information applies to all regions
covered by those column (e.g., the same IC species were measured in all three regions)

Northwest Atlantic

West Pacific

Northeast Pacific

271
0.1-3.0 km

# of cloud water samples 238
Altitude range
IC species
ICP-MS species Al, V, Mn, Ni, Cu, Zn,
As, Rb, Cd, and Pb
Time resolution 25 s-83 min

pH meter and probe

4.00 and 7.00 buffer solutions

Ion Chromatography, IC

0.1-6.8 km
MSA, oxalate (C,0,), NO;~, Na*, NH,", NSS-K*, NSS-Ca**, and NSS-SO,>~
Not included

15 s-13 min
Orion Star™ A211 pH meter paired with an Orion™
8103BNUWP ROSS Ultra™ pH electrode; calibrated with pH

517
0.1-1.0 km

Al, V, Mn, Ni, Cu, Zn, As, Rb, Cd, Pb

2-90 min

Oakton model 110 pH meter that was
calibrated with pH 4.01 and 7.00 buffer
solutions (E-PEACE, NiCE, and BOAS) and
a Thermo Scientific Orion 8103BNUWP
ROSS Ultra Semi-Micro pH probe (FASE,
MACAWS)

Dionex ICS-2100: Anions were measured using the Dionex IonPac AS11-HC 2 mm x 250 mm column, a Dionex

AERS 500e suppressor, and potassium hydroxide as an eluent. Cations were measured using the Dionex IonPac
CS12A 2 x 250 mm column, a Dionex CERS 500e suppressor, and MSA as an eluent

Inductively Coupled Agilent 7700 series Not included
Plasma Mass Spectrometry,

ICP-MS

Cloud type Stratiform to cumulus

clouds

Tropical storm convective cores,
cold pools, broken shallow

Agilent 7700 series for E-PEACE, NiCE,
MONARC, and BOAS; Triple Quadrupole
Inductively Coupled Plasma Mass
Spectrometry (ICP-QQQ MS; Agilent 8800
series) for FASE and MACAWS
Stratocumulus clouds

cumulus clouds, and congestus

clouds

cations included in this study are Na" and NH,", along with the
calculated NSS-K" and NSS-Ca**. The ICP-MS species used in the
Northwest Atlantic and Northeast Pacific include Al, V, Mn, Ni,
Cu, Zn, As, Rb, Cd, and Pb. The final species listed above were
determined using a filtering process like in MacDonald et al.
(2020),> aiming for simplicity with fewer species of greater
general interest while minimizing high covariance. For
example, only Na' is used for sea salt, even though there were
ample data on Cl ™.

As is customary in studies of this nature, charge balance
analysis was conducted to understand how well the measured
anions and cations balanced each other in terms of charge
equivalent units (Fig. S1). The IC cations used included Na',
NH,", K, Mg?*, and Ca”". The anions included are MSA, CI~,
oxalate, NO;~, and SO4>~. With anions on the y-axis, the slopes
were as follows: 1.01 (Northwest Atlantic), 0.99 (West Pacific),
0.98 (Northeast Pacific). Further analysis was conducted by
computing the ratio (cations/anions) to understand the sensi-
tivity of the charge balance on pH (Fig. S2). There is a general
trend where pH values greater than 5 have a higher ratio, sug-
gesting more cations are present at higher pH values. Lawrence
et al. (2023)*”” showed for cloud water at Whiteface Mountain
(New York) that nearly all samples with pH above 5.5 measured
more cations than anions, which is similar to our results.

2.3 Calculations and modeling

2.3.1 Non-sea salt values. NSS-SO,>~, NSS-Ca**, and NSS-K*
represent the non-sea salt fractions of SO,>~, Ca**, and K,

162 | Environ. Sci.: Atmos., 2025, 5, 1158-1172

respectively, calculated using Na* as a sea spray marker. The
NSS fraction of SO,>" is calculated using eqn (1), where SO,>~ is
the total sulfate concentration. ssNa" is derived from sea spray,
and 0.253 is the SO,> /Na" ratio for seawater. NSS-Ca*' is
calculated using eqn (2), with Ca®" representing total calcium
and 0.038 being the Ca®'/Na" ratio for sea water. NSS-K' is
calculated using eqn (3), with 0.036 being the K'/Na' ratio for

seawater.*®*?

NSS — SO,>~ = SO,>~ — (0.253x ssNa*) (1)
NSS — Ca?" = Ca®" — (0.038x ssNa*") (2)
NSS — K* = K" — (0.036x ssNa™) (3)

2.3.2 Gradient boosted regression tree modeling. To
quantify the relationship between cloud water pH and chemical
constituents, we used a gradient boosted regression tree (GBRT)
model. GBRT uses a series of decision trees to build a predictive
analysis, with each decision tree aiming to reduce the error
from the previous one. In this study, we use pH as the depen-
dent variable (or response variable), and the chemical constit-
uents in aqueous concentration (mg L") as the independent (or
predictor) variables. GBRT provides feature importance scores
and rankings to understand how much each chemical species
influences the pH in the prediction model. The success of the
regression was quantified using the coefficient of determination
(R?) and root mean squared error (RMSE).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.3.3 Principal component analysis. Principal component
analysis (PCA) is a technique used for dimensionality reduc-
tion.>® We applied PCA to uncover relationships between
chemical constituents and pH. The first principal component
(PC1) captures the direction that describes the most variability
in the data, while the second principal component (PC2)
accounts for the highest degree of variability perpendicular to
PC1. The results are then presented using explained variance
and loading coefficients. Explained variance refers to the total
variance in the data explained by a principal component.
Loadings indicate the magnitude of a variable's contribution to
a specific target value within that principal component.®* In this
study, the target value is pH.

3 Results and discussion
3.1 Cumulative statistics

Table 3 and Fig. 2 illustrate bulk pH statistics for each region,
while Fig. S3 shows a frequency histogram of pH values for each
region. For context in terms of pH data discussed below, the pH
of pure deionized water in equilibrium with CO, is ~5.6.°> The
median pH of cloud water measured in each region varied
between 4.40 and 5.17. The Northwest Atlantic pH ranged from
3.01 to 6.97, with Bermuda recording a lower median of 4.74
across the three Northwest Atlantic dataset categories. Previous
airborne studies exhibit a similar range, but the median is
higher than most studies in Table 1. Spatially, Northwest
Atlantic samples show generally slightly higher pH values south
of ~36°N, consistent with higher amounts of dust to the south,
whereas farther north, there is generally more sulfate and
organics.”® Spatial maps of some influential species (Fig. S4)
reveal high concentrations of NSS-Ca®" corresponding to the
higher pH values, consistent with higher amounts of dust to the
south. Farther north, there are high concentrations of NSS-
SO4> and NO; ™ corresponding to the lower pH values. It is well
documented that dust has alkaline constituents that can
neutralize acidic ions (e.g., sulfate and nitrate)***® and thus
elevate cloud and rainwater pH. The pH frequency histograms
in Fig. S3 show how distinct Bermuda is in that it has no points
below 4.5 with the narrowest pH range, likely due to its removal
from large sources of acidic ions from major continental areas;
a subset of those flights notably occurred during a period of
African dust transport,®**” which can explain the very highest
pH value of 5.93 in the Bermuda flights (Research Flight 170 on
10 June 2022) at the southernmost location around 30°N.

The West Pacific displayed the highest median pH value
(5.17), which also exceeds values of previous airborne studies
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Fig. 2 The distribution of pH in each region is shown as a box-
notched plot. The horizontal black line within the box represents the
median value, and outliers are plotted as individual points beyond the
whiskers. If the shaded notches do not overlap, this indicates that the
medians are statistically different between the respective regions
being compared.

(Table 1). There were no major spatial pH patterns of note in
Fig. 1 other than how pH values over the ocean are lower than
those near the Clark International Airport on the island of
Luzon, Philippines. This could be due to high concentrations of
NSS-S0,>~, NO;~, and oxalate farther from the Clark Interna-
tional Airport in areas with the lowest pH samples (Fig. S5).

The Northeast Pacific exhibited the widest pH range (2.92 to
7.58) and the lowest median pH (4.40) among the regions. This
range is comparable to the range found in Benedict et al
(2012)* (Table 1), which examined similar types of stratocu-
mulus clouds next to a major continental coast with sulfur
emissions. The highest pH values over the Northeast Pacific
were north of San Francisco and linked to continental air
masses, whereas some of the lowest pH values were south of San
Francisco, which is a bustling area for ship traffic and sulfur
emissions.***® This is consistent with Fig. S6, which shows NSS-
S0,*, oxalate, and NO;~ having high concentrations in that
area.

Comparing the median pH between the categories, which is
visually illustrated by the box notch plots (see the caption of
Fig. 2), the West Pacific and Northeast Pacific are both different
than all other categories. In contrast, the three Northwest
Atlantic categories were statistically similar to one another with
intermediate values compared to the other two regions.

Fig. 3 depicts vertical profiles of the median pH in each
region, and Fig. S7 shows the number of data points in each

Table 3 Statistical results for pH from the three study regions, with Northwest Atlantic divided into ACTIVATE's seasonal deployments and the

Bermuda intensive period in June 2022

Region Average Median 25th % 75th % Min Max
Northwest Atlantic winter (n = 178) 4.87 4.83 4.44 5.21 3.62 6.97
Northwest Atlantic summer (n = 79) 4.94 4.96 4.63 5.18 3.01 6.31
Northwest Atlantic Bermuda (1 = 14) 4.87 4.74 4.65 4.96 4.51 5.93
West Pacific (n = 238) 5.02 5.17 4.62 5.38 3.63 5.96
Northeast Pacific (n = 517) 4.46 4.40 4.17 4.66 2.92 7.58

© 2025 The Author(s). Published by the Royal Society of Chemistry
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vertical bin. Beginning with Northwest Atlantic samples, the
winter generally showed a narrow range of medians from 4.5 to
5.0 from 120 to 3000 m. In contrast, the summer showed a more
pronounced increase from 4.8 to 5.9 up to 1.5 km before the pH
dropped gradually to 4.3 at 3.0 km. Bermuda samples, albeit
only 14 in total, showed a narrow range across the altitude range
of sample collection. Thus, the summertime showed the most
vertical variability, which is seasonally consistent with a higher
frequency of episodic events such as biomass burning and dust
transport.”>% This is consistent when analyzing vertical profiles
of influential species such as NSS-Ca**, NSS-S0,>”, and NO; .
There is an increase up to 1.5 km in NSS-Ca®* before it
decreases, which coincides with the increase in pH at that
altitude (Fig. S8). NSS-SO,>~ and NO;~ show high concentra-
tions between 2.5 and 3.0 km, coinciding with the gradual
decrease in pH and the lower pH value (4.3) at 3.0 km (Fig. S9
and S10). The West Pacific samples were collected as high as 6.8
km, and the median pH generally increased with altitude, which
corresponds with vertical profiles of NSS-S0,>~ and NO;~ that
decrease with altitude (Fig. S9 and S10). The Northeast Pacific
samples were all confined below 1 km due to the lower altitude
of the sampled stratocumulus clouds relative to other regions
with different cloud types. The median pH was generally
between 4 and 5. NSS-Ca*', NSS-SO,>”, and NO;~ showed
similar vertical variability to each other in this region with
decreasing concentrations as a function of altitude (Fig. S8-
$10).

3.2 pH relationship with species

3.2.1 Principal component analysis. We used PCA to
understand the relationships between cloud water pH and
speciated constituents, as summarized in Table 2. We focused
on results based solely on IC species (Fig. 4), with a separate set
of results in Fig. S11 when ICP-MS species were added to the
Northeast Pacific and Northwest Atlantic. Combining the first
three principal components explains 67% of the total variance
in the Northwest Atlantic, 85% over the West Pacific, and 76%
over the Northeast Pacific. Therefore, the first three principal
components were deemed sufficient for explaining the rela-
tionship between pH and the chemical constituents. The
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bottom panels shown in Fig. 4 illustrate the loadings and their
coefficients for each principal component. The highest loading
value (i.e., taller bar) in each principal component represents
the species that holds the most useful information for that
principal component.®** Thus, if a PC has a high loading of
a specific species, insights can be gathered about the potential
sources impacting the region based on documented sources of
that species. The sign of the loading (positive or negative)
indicates the direction of the correlation with the species and
the principal component. The magnitude of the loading is more
important than the sign of the loading.

For context, previous work on cloud water collected at Mt.
Mitchell (see Table 1) employed PCA to investigate the rela-
tionship between cloud water and air mass sources. The air

a) NW Atlantic b) NW Atlantic c) NW Atlantic

Winter Summer Bermuda d) W Pacific e) NE Pacific
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Fig. 3 Median pH as a function of altitude for (a)—(c) Northwest Atlantic, (d) West Pacific, and (e) Northeast Pacific. The shaded area denotes the
25th and 75th percentiles. The Northwest Atlantic is divided into seasons: (a) winter, (b) summer, and (c) summer Bermuda.
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mass sources were characterized into three sectors: highly
polluted, polluted marine, and polluted continental, using back
trajectories computed by HYSPLIT. PCA was able to explain why
the pH was so acidic under polluted marine conditions (average
of 3.29); while their first two PCs were representative of sea
spray (high loadings for Na*, K*, Mg>*, Ca**, and Cl"), their PC3
suggested the presence of KCl and HCI, which can account for
the lower pH.>* Another study at the Puy de Dome, France, used
a hierarchical clustering analysis to identify four clusters. PCA
was then used to identify the individual species influencing the
clusters.”® The clusters included “highly marine” characterized
by high concentrations of Na" and Cl~, “marine” with low
concentrations of Na“ and Cl7, and “continental” and
“polluted” coincident with high levels of NH,', NO;~, and
SO4>". From these clusters, they found the median pH to be the
lowest (4.3) in the “polluted” clusters and the highest (6.2) in
the “highly marine” cluster.

PC1 explains ~38% of the explained variance for the
Northwest Atlantic. NO,~, NSS-SO,>~, and NH," demonstrated
the highest loadings in PC1 (~0.50) and are linked to anthro-
pogenic emissions and secondary aerosol formation processes
in that region.®® PC2 explains ~16% of the variance, where Na"
had the highest loading of 0.69, suggesting sea spray influence.
PC2 also had appreciable influence from NSS-Ca** (0.49) and
NSS-K* (0.37), possibly suggesting roles for crustal sources and
combustion."** PC3 explains ~13% of the explained variance,
where MSA had the highest loading (~0.80), suggesting that
biogenic emissions influence the pH since MSA is typically
derived from ocean-emitted dimethylsulfide in marine
regions.®

PC1 for the West Pacific explains ~61% of the total explained
variance, with most species exhibiting high loadings, in
particular, NO;~, oxalate, and NSS-SO,>~, suggesting that pH
was affected by anthropogenic emissions such as exhaust, fossil
fuel combustion, and biomass burning.® PC2 explains ~13% of
the explained variance, with MSA and NSS-K" having the highest
loadings (~0.55), suggesting some combination of biomass
burning and biogenic emissions. NSS-K' is a well-known
biomass burning tracer, which was a prominent feature
during West Pacific flights.?>**¢7% While MSA is traditionally
noted to be derived from marine biogenic emissions, there are
several reports suggesting that it is enriched in smoke
plumes.®**° PC3 explains ~10% of the total variance, with MSA
showing the highest coefficient (~0.80) followed by NSS-K'. The
combination of those two species is suggestive of a smoke
source.

PC1 explains ~43% of the variance for the Northeast Pacific,
with most species having high loadings except for NSS-SO,>".
This type of profile suggests sea spray and continental emis-
sions. PC2 explains ~17% of the explained variance, with NSS-
K" having the highest loading (~0.58), followed by Na* (~0.54).
This suggests that pH is influenced by combustion and sea
spray in PC2. PC3 explains ~16% of the explained variance, with
NSS-SO,>~ having the highest loading, suggestive of the influ-
ence of anthropogenic emissions, especially ship exhaust.

A separate PCA was performed for the Northwest Atlantic
and Northeast Pacific, including IC and ICP-MS species, as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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shown in Fig. S11. The total explained variance in Fig. 4 for the
Northwest Atlantic was ~67%, and in the Northeast Pacific it
was ~75%. When adding the ICP-MS species to the analysis, the
total explained variance for the Northwest Atlantic becomes
~55%, while for the Northeast Pacific it becomes ~59%. When
adding the ICP-MS species to the analysis, the total explained
variance decreases, suggesting less data variance is captured in
the PCA. For the Northwest Atlantic, the PCA in Fig. 4a and S11a
is consistent in that PC1 has the most substantial influence
from anthropogenic emissions. However, there is less evidence
of marine influence when the ICP-MS species are included. In
the Northeast Pacific, the PCA in Fig. 4c and S11b is consistent
in that anthropogenic emissions and sea spray influence PC1. It
is concluded that the PCA is sufficient with IC species for the
datasets used without any need for ICP-MS elemental compo-
sition data inputs.

3.2.2 Predictive analysis. We conducted a correlation bar
plot and a predictive analysis using gradient boosting regres-
sion tree modeling to further investigate the relationship
between chemical constituents and pH. The correlation bar plot
displays the species highly correlated with pH in each region
(Fig. 5, right column). For the Northwest Atlantic, oxalate, NO; ™,
and NSS-Ca”" show the highest correlation coefficients (r) with
pH (= —0.30, —0.27, and 0.35), indicating that sources of
anthropogenic emissions and dust are highly influential in
predicting the pH. Similarly, over the West Pacific, oxalate,
NO;~, and NSS-SO,>~ demonstrate the strongest correlation
with pH (r: —0.59, —0.51, and —0.63), implying that anthropo-
genic emissions are highly influential for pH predictions. The
Northeast Pacific reveals the highest correlation of pH with
MSA, NO;~, and NSS-Ca®" (r: —0.20, —0.24, and 0.32), suggest-
ing the influence of a mix of biogenic and anthropogenic
emissions and dust.

To learn more about species interrelationships and possible
sources and/or production pathways for species, Fig. S12 shows
a correlation matrix of statistically significant values (p <0.05)
between the pH and the chemical constituents. The Northwest
Atlantic and Northeast Pacific include ICP-MS species in this
matrix. Each region reveals that NO; ™ is a highly correlated and
statistically significant species with pH (Fig. 5), which indicates
the importance of understanding NO;~ chemistry and emis-
sions impacting cloud water in different regions. NO; ™ can alter
the microphysical properties in clouds and act as an effective
CCN.2%7%7t For the Northwest Atlantic, NO;~, NH,", and NSS-
SO,>~ are highly correlated (r: ~0.70), suggesting the presence
of secondary produced species (Fig. S12). In the West Pacific
and Northeast Pacific, NO,~, NH,*, NSS-SO,>~, and oxalate are
highly correlated (r: ~0.47-0.88), also suggestive of secondary
produced species. For the Northeast Pacific, NO;~ exhibited
different behavior with its highest correlations being with
oxalate and nickel (Fig. S12). In addition to NO; ™, other highly
ranked species in the correlations of Fig. 5 include NSS-Ca®* and
oxalate. While NSS-Ca®>" is known to be an alkaline species
enriched in dust that can enhance the pH, explaining its posi-
tive and highly ranked correlation with pH in at least two
regions, it is interesting that oxalate emerges as a highly ranked
species in the correlation bar plots. This species has a wide
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Fig. 5 (Left) Correlation bar plot showing the Pearson correlation

coefficient (r) between the measured IC chemical species and
measured pH for (a—c) each region. Statistically significant values (p <
0.05) are marked by an asterisk (*). Exact r values are shown on each
bar. (Right) Scatterplots comparing the measured and predicted pH
based on a GBRT model built with three influential species from the
respective correlation bar plots in the left column. The GBRT model R?
value, RMSE value, and number of points (n) used in the analysis are
shown in the panels.

range of sources (e.g., biogenic, anthropogenic, and biomass
burning)®*”> and known to be a product of aqueous secondary
aerosol processing,”>’* as supported by many studies in its
correlation with sulfate,*®”® which is evident for the Northwest
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Atlantic and West Pacific in Fig. S12. The lack of a statistically
significant correlation between the two species for the North-
east Pacific may simply be due to the more pronounced corre-
lations of oxalate with MSA, NO; ™, and NSS-Ca**, suggesting
that dust and possibly biomass burning were more influential
sources of that species owing to some episodic events.”®”
Overall, for the Northeast Pacific, Na* and NSS-K* are the most
highly correlated pair of species (r = 0.96), suggestive of a high
presence of sea salt in the region.

The most influential species mentioned above were then
used in a predictive analysis using gradient boosting regression
trees (GBRT) (Fig. 5, left column). Fig. 6 presents the feature
importance of the species that are most influential to pH. The
predictive analysis performed best for the West Pacific,
achieving an R*> of 0.79, while the Northwest Atlantic and
Northeast Pacific had R* values of 0.50 and 0.51, respectively.
For the Northwest Atlantic, the feature importance results
revealed that NSS-Ca®" was the most influential species for pH
with a coefficient of 0.49, followed by NO;~ (0.36) and oxalate
(0.16). The feature importance results for the West Pacific
showed that NSS-SO,>~ significantly influenced the pH with
a coefficient of 0.76, compared to oxalate and NO;~ with coef-
ficients of 0.14 and 0.11, respectively. In the Northeast Pacific,
NO;~ and NSS-Ca®>* exhibited similar importance with coeffi-
cients of 0.43 and 0.42, respectively, while MSA had much lower
importance with a coefficient of 0.14.

To complement the model results and further our under-
standing of the relationship between these species and pH,
Fig. S13 demonstrates scatterplots of the three species in each
region that are highly correlated with pH. These scatterplots
confirm the negative relationship for the more acidic species
like oxalate and NO; ™, and the positive relationship for NSS-
Ca®", a more alkaline species. Fig. $14-S16 show scatterplots of
pH versus all IC species for each region to confirm the rela-
tionship between basic and acidic species.

The predictive analyses are further interrogated to see how
the difference between the observed and predicted pH (i.e., the
residual value) varies spatially (Fig. 7) and vertically (Fig. 8) for
each region. A negative residual value indicates the observed pH
is lower than the predicted pH, while a zero value means the

a) NW Atlantic b) W Pacific c) NE Pacific
NSS-Ca NSS-SO4 NO;
NO3 C,04 NSS-Ca
C204 NO; MSA
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
Importance

Fig. 6 Feature importance from the GBRT for the (a) Northwest Atlantic, (b) West Pacific, and (c) Northeast Pacific. The x-axis represents the
importance value (coefficient) that is most influential to pH in the predictive analysis.
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Fig. 8 Vertical profiles of median residual values calculated as the difference between the predicted and observed pH for the (a) Northwest
Atlantic, (b) West Pacific, and (c) Northeast Pacific. The predicted pH is determined from the GBRT. The shaded regions indicate the 25th and 75th
percentiles. A dashed vertical line is provided for a residual value of O (i.e., predicted and observed values agree).

predicted and observed values are the same. Over the Northwest
Atlantic, there is no clear offshore gradient. However, generally,
there are more positive values to the north of 37°N. This is
possibly due to the high influence of NSS-Ca®" in the model,
which is more prominent in the south. The Ca®>" ion is a good
neutralizing component for cloud water acidity, and it is
possible for more negative residuals to the south. For the West
Pacific, there is a slight gradient with higher negative and
positive values farther from the Clark International Airport,
especially farther north where there is a greater presence of
positive values. This is possibly because of too much influence
on NSS-SO,>~ in the model and the greater presence of smoke in
the southern area of the study region, causing the predicted pH
to be more acidic. In the Northeast Pacific, there is no clear
offshore gradient. However, there is a greater presence of
positive and zero values, indicating the model predicts pH well.
Fig. 8 reveals no major sensitivity of residual values to altitude
over all the regions. The median residual value for different
vertical bins remains positive with altitude.

4 Conclusion

This work analyzed =230 cloud water samples in each of three
diverse regions: the Northwest Atlantic, the West Pacific, and
the Northeast Pacific. Samples were analyzed for pH and
speciated ion and elemental species concentrations. Statistical

© 2025 The Author(s). Published by the Royal Society of Chemistry

analysis was performed for each region, with Bermuda samples
exhibiting the lowest median pH (4.74) compared to winter
(4.83) and summer (4.96) samples over the Northwest Atlantic.
The West Pacific had the highest median pH (5.17) among the
regions. The Northeast Pacific exhibited the region's broadest
pH range (2.92-7.58) and lowest median pH (4.40) owing to
suspected large influence from shipping exhaust enriched with
sulfur constituents.

From the IC species collected during the research flights, 8
species were selected through a filtering process to investigate
which species significantly influence the pH in each region.
With some exceptions based on region, correlation analysis
showed that pH was most negatively correlated with NO; ™, NSS-
S0,””, and oxalate, while it was most positively correlated with
NSS-Ca". PCA results indicated that in all regions, PC1 sug-
gested the presence of anthropogenic emissions based on the
influence of species such as NO;~, NSS-SO,>~, and NH,". The
less influential components (PC2-PC3) had source profiles
suggestive of some combination of biomass burning, sea spray,
and biogenic emissions. GBRT analysis using three predictor
species for pH in each region revealed the best performance for
the West Pacific, achieving an R* of 0.79. The R® in the North-
west Atlantic was 0.50, while in the Northeast Pacific it was 0.51.
These models were based on inputs being some combination of
oxalate, NO;~, NSS-SO,>~, MSA, and NSS-Ca*'. The feature
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importance of these species found that in the Northwest
Atlantic, NSS-Ca®>* exhibited the highest importance with
a coefficient of 0.49, followed by NO;~ (0.36) and oxalate (0.16).
In the West Pacific, the feature importance showed NSS-SO,>~
(coefficient of 0.76) significantly influencing the pH, compared
to oxalate (0.14) and NO;~ (0.11). In the Northeast Pacific, NO; ™~
(0.43) and NSS-Ca®>* (0.42) showed similar importance,
compared to MSA (0.14), which was much lower. In further
investigating the predictive models, the residual value
(predicted-observed pH) was calculated and interpreted
spatially and vertically, pointing to some differences likely due
to the high influence of some species in the models that have
spatial and vertical gradients.

In general, the results show that pH is generally well con-
strained between 4 and 5.5 and that anthropogenic activities
consistently act to reduce pH in all regions, but this can be
offset by dust during episodic events. This has implications for
atmospheric chemistry and effects on human health and
ecosystems. Future work is warranted to study cloud water pH
and its most influential species for other unexplored regions.
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