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Key Points:

• Multi-campaign consistency in oxalate-sulfate mass ratio 0.0217 (95% con-
fidence interval: 0.0154 – 0.0296; r = 0.76)

• Oxalate-sulfate mass ratio is biased towards higher values in presence of
coarse aerosol particles and/or biomass burning

• Ground-based, size-resolved measurements reveal that the ratio can be
robust within the mixed layer for the submicrometer mode

•

Abstract

Leveraging aerosol data from multiple airborne and surface-based field cam-
paigns encompassing diverse environmental conditions, we identify a generally
consistent oxalate-sulfate mass ratio, with a median of 0.0217 (95% confidence
interval: 0.0154 – 0.0296; r = 0.76). Ground-based aerosol data show that the
median oxalate-sulfate ratio is robust within both the mixed layer and the sub-
micrometer particle size range, with higher values observed for supermicrometer
particles. We demonstrate that dust and biomass burning emissions can sepa-
rately bias this ratio towards higher values by at least one order of magnitude.
Since sulfate is more readily measured, this ratio could be used to infer oxalate
from sulfate in the absence of biomass burning and/or air masses rich with
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coarse aerosol types (especially dust). This ratio may also have implications for
model estimates of secondary organic aerosol (SOA) formation, and particularly
the aqueous processing route for oxalate production.

Plain Language Summary

In this study, we examined multiple field campaign datasets encompassing a
diverse set of environments and identified a consistent oxalate-to-sulfate mass
ratio of ~0.02 for aerosol particles. Analysis of ground-based data show that this
ratio is robust near the surface for particles below 1 micrometer in diameter. We
show that coarse aerosol types, especially dust, and biomass burning particles
can bias the oxalate-to-sulfate ratio towards higher values and suggest using
the ~0.02 ratio only in their absence. As sulfate is more commonly measured
and simulated by models, this finding has implications for model estimates of
secondary organic aerosol formation, which is a large source of uncertainty in
current chemistry models.

1 Introduction

Organic species account for a major fraction of atmospheric aerosol particles
(Hallquist et al., 2009; Kanakidou et al., 2005; Q. Zhang et al., 2007) comprising
between 20 – 50% of fine aerosol mass in the continental mid-latitudes (Putaud
et al., 2004; Saxena & Hildemann, 1996), 30–80% in the free troposphere (Mur-
phy et al., 2006), and over 80% in tropical forests (Andreae & Crutzen, 1997;
Roberts et al., 2001). Secondary organic aerosol (SOA) is derived from gas-to-
particle conversion processes, including aqueous processing (Blando & Turpin,
2000; Ervens et al., 2011; Warneck, 2003), wherein oxidized volatile organic
compounds (VOCs) partition into cloud droplets or wet aerosol particles and
undergo chemical reactions to form low-volatility products that remain in the
condensed phase (Ervens, 2015; Ervens et al., 2011; McNeill, 2015). Oxygenated
organic species comprise 60 – 95% of total organic aerosol mass across urban
and remote sites (Q. Zhang et al., 2007), while SOA from VOCs explains up to
70% of global organic carbon mass (Hallquist et al., 2009). However, despite im-
provements in modeling organic aerosol (Heald et al., 2005, 2011), atmospheric
chemistry models still underestimate SOA (Schroder et al., 2018) due partly to
an incomplete understanding and representation of aqueous processes, resulting
in poor model parameterization (Hallquist et al., 2009; McNeill, 2015). The
inclusion of SOA formation has been shown to decrease model bias (–64% to –
15%) and increase model correlations with observations (r = 0.5 to 0.6) (Carlton
et al., 2008); thus, improving SOA estimates is a key area of development for
models to more accurately evaluate the impacts of atmospheric aerosol particles
and reduce uncertainties regarding the net effect of aerosol particles on health
and climate (IPCC, 2014).

Oxalic acid is the most abundant organic acid in tropospheric aerosol particles
across different regions (Cruz et al., 2019; Yang et al., 2014; Ziemba et al., 2011)
and the dissociated ion oxalate (OXL) is a well-established tracer of aqueous
processing, often used in combination with other secondary tracers such as SO4

2-
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to assess the extent of aqueous processing in a region (Crahan et al., 2004;
Hilario et al., 2020; Sorooshian, Varutbangkul, et al., 2006; G. Wang et al.,
2012; Yu et al., 2005). Although minor relative to production via aqueous
processing (Ervens, 2015; Huang & Yu, 2007; Myriokefalitakis et al., 2011) and
photochemistry (C. Zhang et al., 2020), point sources of OXL include biomass
burning (BB) (Narukawa et al., 1999; Yang et al., 2014) and biogenic emissions
(Boone et al., 2015). Early model simulations overestimated OXL by an order
of magnitude (Crahan et al., 2004) while more recent global simulations by
Myriokefalitakis et al. (2011) showed better model estimates over marine/rural
environments between observed and modeled OXL (modeled:observed slope =
1.16 ± 0.14; Pearson’s r = 0.60) but could not capture OXL over urban regions
(weak correlation; r � 0).

The OXL:SO4
2- ratio has been suggested in past work to be an indicator of

aqueous processing (Ervens et al., 2014; Wonaschuetz et al., 2012; Yu et al.,
2005). This implies that OXL and SO4

2- are entirely sourced from aqueous-
phase oxidation, whether it be in cloud droplets or wet aerosol particles, and
does not account for gas-phase oxidation in cloud-free air (Ervens, 2015). This is
a reasonable assumption for SO4

2- given that oxidation in the gas-phase is much
slower than in the aqueous-phase (Cautenet & Lefeivre, 1994) and aqueous-
phase oxidation explains 60 – 90% of SO4

2- in global models (Barth et al.,
2000; Faloona, 2009). Also, there is thought to be no gas-phase source for OXL
(Ervens et al., 2014; Warneck, 2003).

Laboratory experiments are often relied on for mechanistic details of aerosol
particles (e.g., Hennigan et al., 2010; Pang et al., 2019) but cannot mimic the
atmosphere perfectly (May et al., 2014). Thus, aircraft campaigns provide a
valuable opportunity to study aerosol particles influenced by cloud processes
in their most natural environment (Sorooshian et al., 2020). This study lever-
ages composition data from multiple field campaigns, predominantly based on
airborne measurements, to investigate the following questions: (1) Is there a gen-
erally consistent range of OXL:SO4

2- across different regions?; (2) is there a size
dependence of this ratio?; and (3) under what conditions does the OXL:SO4

2-

relationship break down?

2 Methods

This work relies mostly on airborne field datasets, with the focus predominantly
being on particle-into-liquid sampler (PILS) data. The PILS grows sampled
aerosol particles into droplets sufficiently large to be collected via inertial im-
paction, with the resultant liquid transported to vials on a rotating carousel
for post-collection chemical analysis via ion chromatography (IC) (Sorooshian,
Brechtel, et al., 2006; Weber et al., 2001). While most attention is given to the
Cloud, Aerosol, and Monsoon Processes-Philippines Experiment (CAMP2Ex),
broader context is provided from a variety of other datasets. Continental data
are used from the International Consortium for Atmospheric Research on Trans-
port and Transformation (ICARTT; August 2004; < 3 km AGL) over the Ohio
River Valley, USA (Fehsenfeld et al., 2006; Sorooshian, Varutbangkul, et al.,
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2006) and the Gulf of Mexico Atmospheric Composition and Climate Study (Go-
MACCS; August – September 2006; < 5 km AGL) over Texas, USA (Parrish
et al., 2009; Sorooshian, Ng, et al., 2007). Marine/coastal data were collected
over the Northeast Pacific Ocean from the following campaigns (Sorooshian et
al., 2018): the Marine Stratus/Stratocumulus Experiment (MASE-I; July 2005;
< 3.5 km AGL) (Lu et al., 2007; Sorooshian, Lu, et al., 2007), the Marine Stra-
tus/Stratocumulus Experiment II (MASE-II; July 2007; < 2.5 km AGL) (Lu
et al., 2009; Sorooshian et al., 2009), and (3) the Nucleation in California Ex-
periment (NiCE; July – August 2013; < 3 km AGL) (Sorooshian et al., 2015).
We also include marine/coastal data over different oceanic basins: CAMP2Ex
(August – October 2019; < 9 km AGL) over the West Pacific (Hilario et al.,
2021), the Aerosol Cloud meTeorology Interactions oVer the western ATlantic
Experiment (ACTIVATE; August – September 2020; < 5 km AGL) over the
western North Atlantic Ocean (Sorooshian et al., 2019), and the Atmospheric
Tomography Mission (AToM; 2016 – 2018; < 12 km AGL) over the Pacific (50
°S to 50 °N; 155 °E to 235 °E) and Atlantic (50 °S to 50 °N; 310 °E to 0 °E)
Oceans (Wofsy et al., 2018). AToM OXL and SO4

2- were collected by Soluble
Acidic Gases and Aerosol (SAGA) filters (Dibb et al., 2002, 2003).

To evaluate both the size-dependence and mixed layer values of the OXL:SO4
2-

ratio, we included ground-based data collected by a micro-orifice uniform deposit
impactor (MOUDI) and analyzed via IC during the CAMP2Ex weatHEr and
CompoSition Monitoring (CHECSM; July 2018 – October 2019; 85 m AGL)
campaign in Metro Manila, Philippines (Cruz et al., 2019; Stahl, Cruz, Bañaga,
Betito, Braun, Aghdam, Cambaliza, Lorenzo, MacDonald, Pabroa, et al., 2020).
We specifically examined a total of 53 MOUDI sets that were collected on a
weekly basis with a sample duration of ~48 hours per set. Six of those sets were
impacted by BB based on the criteria presented by Gonzalez et al. (2021) for
the same dataset.

In addition to the PILS, we analyze submicrometer non-refractory aerosol from
the aerosol mass spectrometer (AMS; Aerodyne) (Canagaratna et al., 2007; De-
Carlo et al., 2006) from CAMP2Ex. A comparison of SO4

2- from the PILS and
AMS at CAMP2Ex shows good agreement (AMS:PILS slope = 0.81; r = 0.88),
suggesting that SO4

2- at CAMP2Ex was predominantly in the submicrometer
size range given the size ranges of the AMS (PM1) and PILS (PM~4). Further-
more, a calculation of sea-salt SO4

2- using the ratio of SO4
2- and Na+ for pure

sea salt reveals that on average less than 5% of SO4
2- at CAMP2Ex was from

sea salt.

Multiple campaigns (ICARTT, GoMACCS, MASE-I, MASE-II, NiCE) collected
PM1 except for CAMP2Ex (PM~4), ACTIVATE (PM~4), AToM (PM~4) and
CHECSM (0.056 – 18 �m; PM18), which included contributions from coarse
mode particles. For AToM, CAMP2Ex, and ACTIVATE, the aerosol sampling
inlet likely limits the upper size to approximately 4 �m (McNaughton et al., 2007)
although there may be some additional impaction losses in the sampling lines
internal to the aircraft that may further smooth the particle transmission curve
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near this upper bound. This higher cutoff size allowed for sampling of sea salt
and dust. To meaningfully compare OXL:SO4

2- ratios between campaigns, we
separated out samples impacted by strong point sources (e.g., ship plumes, cattle
feedlots, smoke) as identified using flight scientist notes and clear enhancements
in particle concentration data.

In this study, the OXL:SO4
2- ratio refers to the regression slope derived via least-

squares. When calculating species ratios (Table 1), we excluded instances when
the denominator value was below its 5th percentile to reduce the uncertainty
caused by low denominator values. Ratios in this study refer to mass ratios
unless otherwise indicated (e.g., molar ratios). To quantify an all-campaign
statistic and uncertainty, median and 95% confidence intervals of the OXL:SO4

2-

ratio were derived via bootstrapping over different combinations of sample size
and number of iterations, excluding samples with confounding influence (further
details are provided in Table S1).

3 Results

3.1. Consistency in the OXL:SO4
2- Ratio

Across multiple environments (Fig. 1), we observe overall agreement in the
OXL:SO4

2- ratio (i.e., slope) across campaigns except for CAMP2Ex (discussed
in Section 3.2). Bootstrapping reveals a stable median OXL:SO4

2- of 0.0217
(95% confidence interval: 0.0154 – 0.0296; r = 0.76) (details in Table S1). This
is supported by averaging the OXL:SO4

2- ratios between campaigns in Fig. 1
(mean: 0.0184, standard deviation: 0.007, median absolute deviation (MAD):
0.004). Correlation coefficients below 0.50 (Fig. 1) signify the presence of con-
founding sources of OXL and/or SO4

2-, an expected result given the diversity of
environments analyzed; this was especially evident from CAMP2Ex, which is the
subject of the subsequent sections. Variability in ratios between campaigns may
be partly suggestive of SO4

2- from cloud-free photochemistry (Ervens, 2015).
Considering the differences between OXL and SO4

2- in terms of their precur-
sors, formation mechanisms, and sinks, the general stability of the OXL:SO4

2-

ratio across multiple environments implies a convergence towards a fairly narrow
range, which is assisted in part by the large sample sizes used in this study.

The ground-based CHECSM ratio (PM18: 0.0264; PM1: 0.0196; r = 0.73 for
both size ranges) falls within the 95% confidence interval in the absence of BB
(Fig. 1f), particularly between 0.32–1 �m (Fig. S1a) where most of the OXL and
SO4

2- mass resides (Cruz et al., 2019). This suggests that the ratio applies to the
mixed layer. The increase in OXL:SO4

2- in the supermicrometer range suggests
the enhancement of OXL via partitioning onto coarse particles as documented
for the study region (Stahl, Cruz, Bañaga, Betito, Braun, Aghdam, Cambaliza,
Lorenzo, MacDonald, Hilario, et al., 2020). Considering most campaigns in this
study sampled PM1, the size-resolved results from CHECSM imply that our
OXL:SO4

2- value of 0.0217 may primarily be a submicrometer characteristic.

With its global coverage of tropospheric aerosol concentrations, the AToM cam-
paign provides insight into the OXL:SO4

2- ratio over remote marine environ-
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ments in both hemispheres. Below 3 km AGL, the Pacific and Atlantic Oceans
have an OXL:SO4

2- ratio of 0.0207 (r = 0.51) (Fig. 1g). Separately, the Pacific
and Atlantic have ratios of 0.0180 (r = 0.36) and 0.0251 (r = 0.72), respectively,
which is remarkably similar to other environments in Fig. 1. A comparison
across altitudes and latitudes (Fig. S2) reveals that the ratio for the Pacific
from the surface to as high as 7.5 km AGL is within our 95% confidence interval
(Fig. S2a) but only near-surface Atlantic samples fall within our confidence in-
terval (Fig. S2c), possibly due to OXL partitioning onto Saharan dust. Similar
findings from CAMP2Ex will be discussed in Section 3.2.

For comparison, past studies reported the following values of OXL:SO4
2-:.036 in

urban/coastal Hong Kong (PM2.5; r = 0.89) (Yao et al., 2004), 0.037 in coastal
Canada (total suspended particles; r = 0.83) (Liu et al., 1996), and 0.049 from
East Asian aircraft samples (PM7; r = 0.85) (Mader et al., 2004). Yu et al.
(2005) reported PM2.5 OXL:SO4

2- in the following regions (in mass ratio units):
summertime Beijing (0.0174, r = 0.95), Pearl River Delta region (0.0238, r =
0.87), Nanjing in the fall (0.0266, r = 0.84) and winter (0.0156, r = 0.84). There
is some similarity with our values and, as will be shown, coarse aerosol particles
can bias the ratio to higher values consistent with some of the aforementioned
studies sampling well above 1 µm.
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Figure 1. Linear regressions of OXL and SO4
2- across different field campaigns.

All campaigns are aircraft-based except for CHECSM, which was ground-based.
Statistics for BB-impacted samples are presented separately in red. CAMP2Ex
high-OXL and high-SO4

2- populations are colored in yellow and purple, respec-
tively, in (h). Axes limits are not standardized across panels. In addition to
Pearson’s R, the median absolute deviation (MAD) was used as a measure of
slope goodness-of-fit.
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3.2. Source of the CAMP2Ex high-OXL population

Oxalate and SO4
2- from CAMP2Ex show three populations: high-OXL, high-

SO4
2-, and BB-impacted, each characterized by a distinct OXL:SO4

2- slope (Fig.
1a). BB-impacted samples are defined as data collected during RFs 9 and 10
(15 and 16 September 2019, respectively), which targeted smoke emissions. The
high-OXL population was defined with OXL:SO4

2- > 0.3 and the high-SO4
2-

population with OXL:SO4
2- < 0.06; varying the high-OXL ratio lower threshold

within 0.10 – 0.30 and high-SO4
2- upper threshold within 0.06 – 0.10 does not

impact results of the analyses presented below. Ensuing discussion about these
three populations points to important influences on the OXL:SO4

2- ratio.

The high-OXL population during CAMP2Ex (Fig. 1h) was not observed in the
other field campaigns. These high-OXL samples were mostly sampled within the
free troposphere (> 5 km) (Fig. S3b), altitudes of which were rarely sampled in
other field campaigns with AToM being the exception. A few reasons can explain
the high-altitude, high-OXL samples: (1) OXL’s lengthier chemical formation
pathways compared to SO4

2- (Ervens, 2015; Sorooshian, Lu, et al., 2007), (2)
inefficient scavenging of gaseous precursors as air masses are transported up-
ward (Heald et al., 2005), and (3) OXL partitioning onto dust particles (Stahl,
Cruz, Bañaga, Betito, Braun, Aghdam, Cambaliza, Lorenzo, MacDonald, Hi-
lario, et al., 2020; Sullivan & Prather, 2007). As the PILS sampled PM4 during
CAMP2Ex, we hypothesize that the enhanced OXL is due to the partitioning of
OXL precursors onto coarse mode particles such as dust or sea salt (Mochida et
al., 2003; Rinaldi et al., 2011; Sullivan & Prather, 2007; Turekian et al., 2003).
Among the two sources, dust is more likely based on OXL’s higher affinity for it
compared to sea salt (Stahl, Cruz, Bañaga, Betito, Braun, Aghdam, Cambaliza,
Lorenzo, MacDonald, Hilario, et al., 2020). Furthermore, efficient wet scaveng-
ing of sea salt reduces its free troposphere concentrations as compared to those
of the marine boundary layer (Murphy et al., 2019; Schlosser et al., 2020).

To more deeply characterize the high-OXL population, we compared several key
variables between the CAMP2Ex high-OXL and high-SO4

2- populations (Table
1), all of which showed statistically significant differences based on the Mann-
Whitney U-test (99% confidence level; p < 0.01). The following characteristics
hint to the partitioning of OXL onto dust aloft: (1) dust species such as Ca2+

(Kchih et al., 2015) had approximately double the mass concentration in high-
OXL air as compared to high-SO4

2- air (Table 1), (2) high-OXL air was mostly
sampled in the free troposphere (Fig. S3), (3) ionic crustal ratios in the free
troposphere (> 5 km) were more similar to dust values than those for sea salt
based on literature (Park et al., 2004; Švédová et al., 2019; Q. Wang et al., 2018)
(Fig. 2). For the other two campaigns sampling PM4, elevated OXL:SO4

2- at
higher altitudes were also observed during AToM (Fig. S2), whereas during
ACTIVATE, dust was not prevalent at the altitudes sampled (0–5 km).

We next compared m/z 44AMS and OXL (from PILS) to assess the possibility of
OXL partitioning onto coarse mode particles such as dust. m/z 44AMS indicates
the mass concentration of oxygenated/aged organic aerosol with the functional
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group CO2
+ (Qi Zhang et al., 2005), of which OXL is a subcomponent. As the

AMS sampled PM1 and the PILS sampled PM4 in CAMP2Ex, their comparison
lends insight into how coarse mode particles (i.e., 1–4 �m) bias PILS observations.
Furthermore, because OXL is one component of m/z 44AMS, comparing PILS
OXL (PM4) to m/z 44AMS (PM1) can serve as an indicator of coarse mode
OXL if OXL:m/z 44AMS � 1 as a highly conservative threshold. The high-OXL
population has an OXL:m/z 44AMS molar ratio of 2.84 ± 3.95 (Table 1), which
provides strong evidence for coarse mode OXL (1–4 �m). This is supported by
a high OXL:OrgAMS ratio in the high-OXL population (0.84 ± 0.98) compared
to the high-SO4

2- population (0.01 ± 0.01). Interestingly, OrgAMS:SO4
2-

AMS is
similar between the high-OXL (1.08 ± 1.34) and high-SO4

2- populations (1.27
± 1.02). Since the AMS samples PM1, these findings offer more evidence that
differences between populations lie in the coarse mode.

Table 1. Bulk statistics (mean ± standard deviation) comparing high-OXL
and high-SO4

2- populations from CAMP2Ex. Number of samples are included
in parentheses. All variables exhibit statistically significant differences between
populations (Mann-Whitney U-test; p < 0.01). The rightmost column presents
values from the high-OXL column divided by those in the high-SO4

2- column
to compare the two populations more directly. Rows are arranged in descend-
ing order of the ratio column (i.e., decreasing from top to bottom). Variables
marked by * were cloud-screened to remove potential sampling artifacts re-
lated to droplet shatter. Ratios between species were not cloud-screened as
ratios are assumed to be conserved regardless of sampling conditions. Note that
OXL:m/z44AMS is presented as a molar ratio as we assume every OXL molecule
produces a CO2

+ ion in the AMS.

High-OXL High-SO4
2- Ratio

Oxalate:OrgAMS 0.84 ± 0.98 (41) 0.01 ± 0.01 (401) 71.58 ± 120.42
Oxalate:m/z44AMS 2.84 ± 3.95 (102) 0.04 ± 0.06 (425) 34.42 ± 138.67
Oxalate (�g m-3)* 0.25 ± 0.27 (83) 0.03 ± 0.03 (343) 10.21 ± 14.83
Ca2+:Na+ 3.57 ± 4.06 (36) 0.39 ± 0.95 (312) 9.08 ± 24.24
K+:Na+ 1.75 ± 4.07 (32) 0.20 ± 0.54 (224) 8.68 ± 30.79
Mg2+:Na+ 0.73 ± 0.58 (32) 0.11 ± 0.10 (323) 6.42 ± 7.77
Ca2+ (�g m-3)* 0.20 ± 0.26 (45) 0.09 ± 0.13 (260) 2.25 ± 4.42
Ca2+:Mg2+ 6.11 ± 4.78 (47) 3.16 ± 4.44 (276) 1.93 ± 3.11
OrgAMS:SO4

2-
AMS 1.08 ± 1.34 (90) 1.27 ± 1.02 (425) 0.85 ± 1.26

Na+ (�g m-3)* 0.08 ± 0.08 (35) 0.41 ± 0.43 (292) 0.20 ± 0.30
SO4

2- (�g m-3)* 0.20 ± 0.25 (83) 3.12 ± 2.89 (343) 0.07 ± 0.10
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Figure 2. Altitude-resolved linear regressions of PILS dust species during
CAMP2Ex (BB samples excluded) colored by OXL:SO4

2-. Red and blue dashed
lines denote literature-based ratios for dust (Park et al., 2004; Švédová et al.,
2019; Q. Wang et al., 2018) and sea salt (Chesselet et al., 1972), respectively.

3.3. Impact of biomass burning on OXL:SO4
2-

Although strong OXL and SO4
2- correlations may be interpreted as a signal of

aqueous processing (Sorooshian, Varutbangkul, et al., 2006; Yao et al., 2003; Yu
et al., 2005), the presence of BB emissions must also be considered as a source
of both SO4

2- and OXL (Narukawa et al., 1999; Yang et al., 2014). When
present, BB emissions led to enhanced OXL:SO4

2- ratios and correlations (Fig.
1). Similar enhancements were observed during CHECSM for BB-impacted, size-
resolved OXL:SO4

2- (Fig. S1b). Differences in BB-related OXL:SO4
2- between

campaigns may be attributed to factors including biomass type (Christian et
al., 2003), wet scavenging during transport (Marelle et al., 2015), combustion
phase (Kondo et al., 2011; Pósfai et al., 2003), and sampled size range (i.e.,
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PM4 for CAMP2Ex, PM1 for NiCE, PM18 for CHECSM). During CAMP2Ex,
BB-impacted data suggested two subpopulations that differ slightly in their
OXL:SO4

2- slopes (Fig. 1h). Both populations were sampled during a large
biomass burning event (15 Sep 2019; RF9) but differ in terms of location (~330
km apart), composition, and number concentration (not shown), pointing to
clear differences within the CAMP2Ex BB-impacted population left for future
work. Regardless of BB differences between campaigns, such a pronounced im-
pact on the OXL:SO4

2- ratio in those respective datasets demonstrates the im-
portance of accounting for BB when exploiting the OXL:SO4

2- ratio for analysis
and modeling purposes relevant to secondary aerosol formation processes.

4 Conclusions

Using composition data from multiple campaigns spanning a variety of envi-
ronments, we identified a generally consistent OXL:SO4

2- mass ratio (median:
0.0217; 95% confidence interval: 0.0154 – 0.0296; r = 0.76). Environments in-
clude continental and coastal North America; west, east, and central Pacific
Ocean; and west and central Atlantic Ocean. The median ratio is proposed to
be robust relative to a wide range of factors that can impact the formation and
removal of both OXL and SO4

2- owing to the large sample sets used and data
coverage over marine and continental regions encompassing a wide range of pol-
lution sources and cloud fractions. Ground-based size-resolved measurements
show overall agreement with the proposed ratio, specifically within the submi-
crometer mode, suggesting the ratio is robust within the mixed layer for PM1.
Enhanced OXL:SO4

2- during CAMP2Ex was associated with OXL partitioning
onto dust in the free troposphere. Additionally, BB emissions as a source of
both OXL and SO4

2- may produce a strong correlation and bias their ratio to-
wards higher values. Thus, we caution against interpretating a strong OXL and
SO4

2- correlation as a standalone signature of aqueous processing when coarse
particle types and/or BB emissions are present.

Given its consistency across different environments, the median OXL:SO4
2- ratio

of 0.0217 could have implications for model estimates of aqueous processing.
Future work is encouraged to assess the use of this OXL:SO4

2- ratio to estimate
aqueous processing in models. Examining the OXL:SO4

2- ratio in other parts
of the world and seasons would also be beneficial to gauge its variability as well
as to identify other potentially confounding factors. In particular, the on-going
and multi-seasonal ACTIVATE campaign will provide a valuable dataset for
future investigations of this nature.
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funded by NASA grant NNX15AG62A. Data sources are: CHECSM (https:
//doi.org/10.6084/m9.figshare.11861859.v2), CAMP2Ex (https://doi.org/10.5
067/Airborne/CAMP2Ex_Aerosol_AircraftInSitu_P3_Data_1), ACTIVATE
(http://doi.org/10.5067/ASDC/ACTIVATE_Aerosol_AircraftInSitu_Falcon_Data_1),
AToM (https ://doi .org/10.3334/ORNLDAAC/1748), ICARTT and
GoMACCS (https ://do i . o rg/10 .6084/m9. f i g share .14998278), and
other campaigns (https :// f igshare .com/art ic les/dataset/A_Multi -
Year_Data_Set_on_Aerosol-Cloud-Precipitation-Meteorology_Interaction
s_for_Marine_Stratocumulus_Clouds/5099983).
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