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ABSTRACT: Atmospheric particles play critical roles in climate.
However, significant knowledge gaps remain regarding the
vertically resolved organic molecular-level composition of atmos-
pheric particles due to aloft sampling challenges. To address this,
we use a tethered balloon system at the Southern Great Plains
Observatory and high-resolution mass spectrometry to, respec-
tively, collect and characterize organic molecular formulas (MF) in
the ground level and aloft (up to 750 m) samples. We show that
organic MF uniquely detected aloft were dominated by organo-
nitrates (139 MF; 54% of all uniquely detected aloft MF).
Organonitrates that were uniquely detected aloft featured elevated
O/C ratios (0.73 ± 0.23) compared to aloft organonitrates that
were commonly observed at the ground level (0.63 ± 0.22).
Unique aloft organic molecular composition was positively associated with increased cloud coverage, increased aloft relative
humidity (∼40% increase compared to ground level), and decreased vertical wind variance. Furthermore, 29% of extremely low
volatility organic compounds in the aloft sample were truly unique to the aloft sample compared to the ground level, emphasizing
potential oligomer formation at higher altitudes. Overall, this study highlights the importance of considering vertically resolved
organic molecular composition (particularly for organonitrates) and hypothesizes that aqueous phase transformations and vertical
wind variance may be key variables affecting the molecular composition of aloft organic aerosol.
KEYWORDS: secondary organic aerosol, atmospheric chemistry, vertically resolved, aqueous phase processing,
organic molecular composition

1. INTRODUCTION
The critical importance of understanding atmospheric
particles, especially as it pertains to climate, has been
extensively described.1−4 One of the most significant
challenges related to the understanding of atmospheric
particles and processes is the vertical heterogeneity of the
atmosphere itself.5 The effects of atmospheric turbulence on
aerosol properties at different mixing layers may also be of
great importance.6,7 While the collection and study of samples
at ground level is operationally advantageous due to simplicity,
the vertical dependence of various atmospheric aerosol
properties (e.g., aerosol size distribution, morphology, mixing
state, and chemical composition) and processes (e.g., chemical
aging and cloud formation) necessitates that sampling and
assessment of atmospheric particles should be conducted aloft
as well.8,9 However, the direct measurement and capture of
vertically resolved atmospheric particle samples is not trivial.
Numerous techniques have emerged to address the challenges
associated with measuring aloft aerosol, including towers,10−12

tethered balloons,6,13,14 unmanned aerial vehicles,15,16 air-
craft,17−21 and remote sensing measurements such as lidars
(indirect measurement).22−26 Remote sensing approaches such
as satellite-based observations have also facilitated under-
standing the relative positions of aerosol and cloud layers and
the resulting radiative effects.27,28

Despite the value of the aforementioned approaches, both
satellite observation and ground-based measurements are not
currently able to provide well-resolved vertical profiles of
aerosol physicochemical properties.28 In addition, remote
sensing-based approaches involve several assumptions of
aerosol chemical composition to understand the aerosol
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physical and optical properties.29 Aircraft observations from
large-scale field campaigns often result in limited temporal
coverage due to budgetary restrictions and may not fly
sufficiently low for select research questions.30,31 Furthermore,
tower-based studies lack flexibility in sampling location.
Because of these challenges, unmanned systems have gained
significant interest in aerosol properties measurement, which
could minimize the error, risk, and cost in environmental
research. To this end, tethered balloon systems (TBSs) have
been increasingly deployed in several geographical locations to
study aerosol properties,13,32−37 gaseous air pollution,38,39 and
microphysical properties of the atmosphere.14,40,41

Several studies have targeted an improved understanding of
vertically resolved organic aerosol given the ubiquitous and
complex contributions that organics, notably secondary organic
aerosol (SOA), make to the total mass loading of atmospheric
particles.2,42,43 Aerosol mass spectrometers (AMS) have
conventionally been used for these applications due to
advantages associated with quantitative and real-time capa-
bilities, among others.10,11,44 While effective, AMS strategies
often use electron ionization, which imparts extensive
fragmentation to the individual organic molecular components
of aerosol, particularly for larger, oligomeric SOA components.
General compositional conclusions for the bulk aerosols may
be drawn (e.g., O/C ratio), but consequently may not be
applied at the molecular level. Furthermore, limitations in mass
resolving power in conventional AMS systems (time-of-flight
mass analyzer) do not permit confident, isotopic resolution of
complex aerosol mixtures at the intact molecular level,
particularly for samples rich in heteroatom containing species
(e.g., sulfur and nitrogen).45

To address these challenges and resultant knowledge gaps,
we use a TBS and high-resolution mass spectrometry (HRMS)
to investigate how meteorological properties and aqueous
phase processing may transform vertically resolved organic
aerosol. The molecular-level characterization from HRMS may
inform a variety of atmospheric particle molecular properties
(double bond equivalents, volatility, aromaticity, etc.)2,46−50

with implications for atmospheric processes, such as particle
growth, lifecycle, and climate. While a limited number of
samples are explored, comprehensive molecular character-
ization along with regional modeling suggest broader
applicability beyond these case studies.

2. MATERIALS AND METHODS
2.1. Deployment of TBS for Sample Collection. The

U.S. Department of Energy’s Atmospheric Radiation Measure-
ment (ARM) program’s TBS was deployed at ARM’s Southern
Great Plains (SGP) user facility in Lamont, Oklahoma, for 59
total flights in 2022. Here, we focus on flights from April 17,
18, and 26, 2022. All samples referred to as “aloft” within this
document were collected via the TBS using a SKC four-stage
Sioutas cascade impactor (50% cut-points: 2.5, 1.0, 0.50, and
0.25 μm for stages A−D, respectively). Twenty-five mm
poly(tetrafluoroethylene) (PTFE) disc filters were inserted in
stages C and D (Figure S1). Both stages C and D were
analyzed but only results from stage D are interpreted, which is
in agreement with ground-level scanning mobility particle sizer
measurements (Figure S2). For each sampling day, the stage D
sample filter was not exchanged between flights (e.g., the aloft
sample collected on April 17 is a composite of the sample
collected from flights 1, 2, and 3 on that day). As a result, it
must be noted that the composition of the aloft samples will be

biased toward lower altitudes [i.e., higher particle concen-
trations are measured <250 m above ground level (AGL)
compared to >250 m AGL as shown in Figures 1 and S5]. The

TBS reached a maximum altitude of 750 m AGL, depending
on flight conditions. A surface-based bulk aerosol collector
with 45 mm PTFE disc filters was also operated throughout
the TBS deployment to collect corresponding ground-level
samples.51 Samples were refrigerated (−20 °C) after collection.
Airborne temperature (T), relative humidity (RH), particle
optical particle spectrometer (POPS) size distribution, particle
number concentrations, and condensation particle counter
(CPC) particle number concentrations were also collected via
instrumentation onboard the TBS. Further details, including a
full list of aloft and ground samples with corresponding
sampling times (Table S1) are described in the Supporting
Information.

2.2. Auxiliary Data Sets. Hybrid Single-Particle Lagran-
gian Integrated Trajectory (HYSPLIT) archive trajectories52,53

were used to investigate the transport patterns and potential
sources of atmospheric particles. Twenty-four and 48 h-long

Figure 1. Vertical distributions of particle number concentrations
from one POPS and CPC, temperature (Temp.) and relative
humidity (RH) for tethered balloon system (TBS) flights on April
17, 18, and 26, 2022 at the SGP observatory. Displayed box and
whisker plots represent a composite of information (50 m bin size)
across all flights within an individual sampling day, where the center
dash is indicative of the median result.
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trajectories were computed every 3 h over a 24 h period,
starting from the time in which sampling ended for a particular
day, resulting in 8 total archive trajectories per sample. Archive
frequency trajectories were computed for three different
sampling altitudes (10, 350, and 650 m AGL) for each of
the three sampling days. Information on active burning was
obtained from the NASA FireMap resource (satellite data from
the VIIRS 375m/S-NPP system54).
To facilitate better understanding of turbulent mixing in the

atmospheric boundary layer, an ARM scanning coherent
Doppler lidar system at the SGP observatory was used,
providing range-resolved estimates of clear-air vertical velocity
variance. Specifically, Doppler lidar is an active remote-sensing
instrument that provides measurements of atmospheric particle
radial velocity, horizontal wind, and particulate backscatter
profiles with high vertical and temporal resolutions. ARM
Doppler lidars operate at a near-infrared wavelength of 1.5 μm
with vertical and temporal resolutions of 30 m and ∼1 s,
respectively.55 The raw 1 s vertically pointing Doppler lidar
data are further processed to provide range-resolved estimates
of clear-air vertical velocity variance through the ARM
DOPPLER LIDAR WIND STATISTICS PROFILES
(DLPROF-WSTATS) Value-added Product56 at a temporal
resolution of 10 min.

2.3. Direct Sampling with HRMS. HRMS was used to
characterize the vertically resolved aerosol samples according
to constituent organic molecular formulas. Given low aloft
particle concentrations, nanospray desorption electrospray

ionization (nano-DESI) is an ideal sampling strategy: the
liquid microjunction formed between the nano-DESI apparatus
and the sample substrate facilitates a highly concentrated
sample extract (shown in Figure S3) and has been
demonstrated for samples as little as 10 ng.51,57−61 Nano-
DESI is also a direct sampling strategy, which therefore limits
sample preparation steps and shortens solvent residence times
in which molecular losses may occur (e.g., losses due to solid
phase extraction and/or oligomer dissociation due to extended
solvent residence times).59,62,63 The chosen impactor aboard
the TBS (discussed earlier in Section 2.1.), which impacts
aerosol onto a substrate in a thin, straight line, is also highly
idealized to the nature of nano-DESI sampling: the diameter of
the liquid junction approximates that of the impacted aerosol
(∼75 μm diameter), and the nano-DESI capillary assembly
may be scanned along the line of impacted sample to collect
consecutive MS scans (Figure S3).
The desorbed sample was sprayed into a high-resolution

LTQ Velos Orbitrap mass spectrometer (Thermo Scientific) in
negative ion mode (HRMS). The following scan parameters
were used: m/z 100−850 MS1 scan range, 100,000 mass
resolving power at m/z 400, 500 ms maximum ion injection
time, and 1 × 106 automatic gain control target. 100 MS1 scans
were collected per sample and were subsequently averaged and
centroided via Xcalibur (Thermo Scientific). Exported peak
lists (5 decimal points per m/z) were subjected to molecular
formulas analysis via MFAssignR.64 Noise was assessed using
the “KMDNoise” function intrinsic to MFAssignR with a noise

Figure 2. HYSPLIT back trajectory52,53 and remote sensing (Doppler lidar, wind variance) data for April 17, 18, and 26, 2022 (arranged from top
to bottom) at the SGP observatory. A new, 24 h HYSPLIT back trajectory was conducted every 3 h over a period of 24 h (8 total trajectories),
incrementing backward, starting from the end of sample collection for the corresponding ground sample. Displayed HYSPLIT trajectory
frequencies are representative of the number of trajectories per grid space normalized to the total number of trajectories. Active fires were inferred
from the NASA VIIRS 37m/S-NPP fire map resource.54 Displayed fire counts (≥20 fires per grid space) are representative of the number of
counted fires per grid space over a period of 4 days, where the fourth day represents the day of aerosol sample collection. Timelines for sample
collection (both via the TBS and at ground level) are displayed beneath the remote sensing data for the respective sampling day.
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threshold of 12 (Figure S4; note that given the limited sample
set here, an elevated noise threshold was used for increased
confidence in the final molecular formulas assignments).
Further details on the nano-DESI HRMS methodology, as
well as subsequent data processing (including volatility,65

aromaticity,49,50 and average carbon oxidation state66 para-
metrization strategies) are described in the Supporting
Information. Experimental data has been deposited in an
open access data repository (https://zenodo.org/records/
10637610).

2.4. Modeling of Vertically Resolved Atmospheric
Properties. The regional Weather Research and Forecasting
model coupled with chemistry (WRF-Chem 4.2)67−70 was
used at 12 km grid spacing to simulate trace gases and aerosols
in April 17 and 18, 2022, covering a 2880 × 2880 km domain
in the central and southeastern USA. The initial and boundary
conditions of trace gases and aerosols are provided by the
Whole Atmosphere Community Climate Model global model
described in Marsh et al.71 High-Resolution Rapid Refresh
reanalysis data was used for meteorological conditions and grid
nudging above the boundary layer.72 The first 72 h of the
simulation were treated as spin-up and followed by the 48 h
simulation for the day of interest. Inorganic aerosol chemistry
and the evolution of particle size distribution in WRF-Chem
are represented by the Model for Simulation Aerosol
Interactions and Chemistry.73 The WRF-Chem output is
represented by 20 size sections ranging from 1 nm to 10 μm
for both interstitial and cloud-borne aerosols (Table S2).
Further details of WRF-Chem model configuration are
provided in the Supporting Information (Table S3).

3. RESULTS AND DISCUSSION
3.1. TBS Flight Profiles and Remote Sensing

Observations. Three days in 2022 are evaluated here: April
17, 18, and 26. Figure S5 details the TBS flight profiles,
including information from POPS, CPC, T, and RH
measurements. The same measurements are alternatively
visualized in Figure 1, in which displayed box and whisker
plots are a composite of vertically resolved information

obtained across all flights within an individual sampling day.
A representative photo of the TBS for each sampling day is
also shown in Figure S5. Similar vertical trends are observed
for POPS, CPC, and temperature across the three sampling
days. However, April 17 uniquely exhibits a consistent increase
in RH with altitude, ranging from 52% at 40 m AGL up to 92%
at 750 m AGL. Increased RH has been shown to result in
aqueous phase processing of organic aerosol74−76 and is
therefore investigated here in a subsequent section.
To better understand potential aerosol sources and the

impact of local meteorology, Figure 2 displays 24 h HYSPLIT
back trajectory frequencies52,53 at three different altitudes (10,
350, and 650 m AGL) with overlaid satellite data from the
VIIRS 375m/S-NPP system54 to infer influence from proximal
active wildfires during the time of sample collection (48 h back
trajectories are shown in Figures S6 and S7). All three
sampling days have significant wildfire influence inferred from
both the HYSPLIT back trajectories (Figure 2) and elevated
levoglucosan signal intensities (a biomass burning tracer) in
each of the three sampling periods (Table S4). Importantly,
there are minimal intraday differences for the HYSPLIT back
trajectories at different altitudes (Figure S7). Therefore, while
source and degree of wildfire influence may contribute to
interday compositional variability, the vertically consistent
HYSPLIT back trajectories suggest that these aforementioned
factors are unlikely to be key drivers of any potential intraday
vertically resolved molecular composition differences. Also
shown in Figure 2 is a sample collection timeline along with
remote sensing data (Doppler lidar backscatter and wind
variance); the backscatter measurements inform the height of a
potential cloud base, while the wind variance measurements
inform atmospheric turbulence/mixing below the boundary
layer.55 Samples were collected by both the TBS system
(multiple flights per day) as well as at the ground level on all 3
days. Notably, the ground level sample collection was
conducted over a significantly longer time compared to that
of the TBS (discussed later). The daily and vertically resolved
variations reported in Figures S5, 1 and 2 have been shown to
affect various properties of atmospheric particles, including

Figure 3. Mass spectra of CHNO and CHO molecular groups for aloft aerosol samples collected via a TBS on April 17, 18, and 26, 2022.
Molecular formulas (MF) that were found to be strictly unique to the aloft sample (i.e., the sample collected with the TBS) are colored by
molecular class. MFs that were commonly detected in the corresponding ground sample are colored gray. Inset pie charts represent the weighted
abundance (according to mass spectral signal intensities) of unique aloft MF compared to aloft MF that was commonly detected in the ground
sample. Numbers of MF unique to the aloft sample and common with the corresponding ground sample are also inset on each respective mass
spectrum.
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those such as size distribution, morphology, absorption, and
phase state, and such influences are discussed at length
elsewhere.6,13,14,33 Here, however, the vertical dependence of
organic molecular composition is specifically investigated, with
subsequent discussion informed by the observations, as shown
in Figures S5, 1 and 2.

3.2. Molecular Composition of Vertically Resolved
Organic Aerosol. Figure 3 presents the mass spectra for
CHO (MF containing a combination of carbon, hydrogen, and
oxygen atomic constituents) and CHNO (additional inclusion
of nitrogen, subsequently referred to as organonitrates)
molecular classes from aloft samples collected on April 17,
18, and 26 (mass spectra derived summaries are shown in
Table S5). Peaks for MF that were similarly observed in the
corresponding ground sample are represented in gray, whereas
peaks for those unique to the aloft sample are color-coded
according to CHO and CHNO molecular classes. Inset pie
charts, which similarly correspond strictly to the aloft sample
features, display the weighted abundances of features found
uniquely in the aloft sample compared to aloft features
commonly detected in the ground sample. Only minor
observations of CHOS (inclusion of sulfur; 0−6.6% of unique
aloft MF) and CHNOS (both sulfur and nitrogen inclusions;
0−3.9% of unique aloft MF) MF were uniquely observed in
the aloft samples here and are therefore omitted from Figure 3
(detailed further in Table S6 as weighted abundances). While
uncalibrated MS signal intensities are not inherently
quantitative,77 they are used here as a tool to impart
confidence that any unique MF observed in aloft samples are
indeed the result of a vertically dependent atmospheric
phenomena and not likely an artifact of data processing. In
other words, higher-intensity mass spectral peaks are less likely
to be artifacts of the defined noise threshold and may therefore
be more confidently interpreted. By this metric, it is clear that
April 18 and 26 do not present a significant vertical
dependence for the organic MF in the aloft sample relative
to the ground. However, April 17 presents a unique case, as the
weighted abundance of unique aloft features is comparatively
significant, particularly for organonitrates. The confidence in
any observed unique aloft MF is further corroborated by the
difference in sampled air volume between ground and aloft
measurements: 8.7 to 15 times more air by volume was
sampled at ground compared to aloft (Figure 2, Table S1),
suggesting that any observed unique MF in aloft samples are
not likely to be an artifact of sample loading (i.e., sensitivity),
but rather more confidently due in fact to some vertically
resolved atmospheric dependence.
Notably, the unique aloft MF for April 17 are positively

associated with the observations presented in Figure 2: April
17 was the only day out of the three sampled events in which a
cloud base was observed, confirmed by comparatively intense
Doppler lidar backscatter measurements. Flights 1 and 2 of the
TBS on April 17 importantly occurred during the cloud cover
event (Figures 2 and S8), and the vertical wind variance was
comparatively lower than other TBS sampling periods.
Therefore, a relative increase in vertically resolved atmospheric
heterogeneity may have occurred specifically for April 17,
resulting in April 17 displaying the most prominent difference
in observed MF between ground and aloft levels. Flights on
April 17 were also the only sampling times that showed a
consistent increase in RH with altitude, reaching >90% at 750
m AGL (Figure 1). As a result, the correlation of cloud cover,
increased aloft RH, and reduced wind variance with unique

aloft MF is investigated in greater detail here for April 17 to
assess causation of vertically resolved organic aerosol
composition.

3.3. Case Study Analysis of April 17. The April 17 case
study is visualized as a Van Krevelen diagram in Figure 4

(Figure S9 additionally presents data from April 18 and 26).
The displayed insignificance of organosulfates (CHOS and
CHNOS) and dominance of both CHO (90 MF; 35% of
unique aloft MF) and CHNO (139 MF; 54% of unique aloft
MF) contributions to the unique aloft MF is consistent with
wildfire influence (Tables S5 and S6).78−80 It is also notable
that the unique aloft MF for April 17 (CHO and CHNO
molecular groups) have increased O/C ratios (0.59 ± 0.25 to
0.78 ± 0.29 for CHO MF; 0.63 ± 0.22 to 0.73 ± 0.23 for
CHNO MF) but overall consistent H/C ratios (1.18 ± 0.32 to
1.14 ± 0.28 for CHO MF; 1.15 ± 0.23 to 1.19 ± 0.23 for

Figure 4. Van Krevelen diagram for the aloft sample collected on
April 17, 2022 via the TBS. Aloft MF that were commonly detected in
a corresponding ground sample are presented as empty circles,
whereas data points for MF uniquely detected in the aloft sample are
filled. All data points are scaled according to normalized abundance
per molecular class. The inset pie chart is representative of the
number of MFs uniquely assigned in the aloft sample. Shown
percentages are relative to the total number of aloft MFs uniquely
detected in the aloft sample. A bar chart detailing O/C and H/C
ratios for MF unique to the aloft (TBS) sample as well as for aloft
MFs that were common with the corresponding ground sample is
additionally shown. Bar chart error bars are indicative of plus/minus
one standard deviation.
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CHNO MF) relative to the aloft MF that were common with
the ground sample (Figure 4). While reported O/C values vary
widely across different studies, previous findings have linked
increases in O/C ratios to aqueous phase processing,81−83 with
some specifically recognizing such an increase due to aqueous
transformations within clouds.80,84,85

While Figures 3 and 4 validate the outlying nature of April
17 with respect to MF uniquely detected aloft, the varied
abundances of MF commonly detected in both ground and
aloft samples are also compared here for all sampling events.
To minimize concentration (i.e., sample loading) bias, the
base-peak normalized ion intensities from both samples were
compared against each other. O/C and H/C ratios were
averaged separately for subset MFs with increased normalized
intensity aloft as well as for subset MFs with increased
normalized intensity at the ground level (Figure 5). Subset H/

C ratios were largely identical across days (April 17, 18, and
26) and between sample types (aloft and ground). Subset O/C
ratios for April 17 ground (0.7 ± 0.3), April 18 ground (0.6 ±
0.3), April 18 aloft (0.5 ± 0.4), April 26 ground (0.5 ± 0.3),
and April 26 aloft (0.6 ± 0.3) were also consistent, but the
subset O/C for April 17 aloft was markedly increased (1.2 ±
0.3). Overall, these observations from Figure 5 are in line with
Figure 4: April 17 exclusively shows increased aloft O/C
compared to other dates (suggestive of aqueous phase
processing), while H/C ratios between ground and aloft are
consistent across all dates. The four individual signals with the
greatest aloft enhancement on April 17 are m/z 103.0037
([C3H4O4−H]−; +13%), m/z 149.0092 ([C4H6O6−H]−;
+7%), and m/z 118.9986 ([C3H4O5−H]−; +6%), representing
MF consistent with malonic acid, tartaric acid, and tartronic
acid. These organic acids have previously been reported to
result from aqueous phase processing,86 further supporting the
suggested aqueous phase transformations here.
To contextualize the results observed here with the results

from others, Brege et al. similarly observed modest O/C
increases for organic MF detected in fog compared to the
particulate phase, where biomass burning influence was also
noted (e.g., O/C ratios increased from 0.377 to 0.415 in fresh

conditions and 0.480 to 0.503 in aged conditions for CHNO
MF in fog compared to the particulate phase).82 Cheng et al.
showed that high RH enhanced the formation of brown carbon
SOA (often related to biomass burning87) in spite of low
temperatures.88 Li et al. built upon this observation by showing
that increased brown carbon SOA correlated with increases in
RH, aerosol water content, and nitrogen precursors (e.g., NO2,
NO3

−, and NHx).
89 Further in line with this narrative are

observations from Li et al., who noted an increase in
organonitrates (specifically nitrophenols and nitrocatechols)
with increased RH and aerosol water content.90 It is therefore
possible that for the captured ambient conditions on April 17,
the unique aloft MF (notably the dominance of CHNO
compounds) may be related to aqueous phase processing.
Given the above studies on brown carbon and the causal
relationship between wildfires and atmospheric brown
carbon,87 it is furthermore probable that the precursors for
the unique aloft organonitrates here are wildfire derived
(supported by trajectories in Figures 2, S6 and S7).
To gain further insights into the differences between ground

and aloft molecular composition, Figure 6 displays vola-
tility,48,91 average carbon oxidation state,92 and aromaticity
index49,50 information as parametrized from the April 17 data
sets (April 18 and 26 presented in Figure S10). The
aromaticity as shown in Figure 6 is decreased for unique
aloft CHNO MF (0.21 ± 0.31) compared to aloft CHNO MF
commonly detected in the ground sample (0.28 ± 0.27). This
is consistent with the proposed idea that these MF may be
more functionalized (i.e., oxidized),49,50 potentially as a result
of cloud processing. Organonitrate speciation diagrams for the
aloft sample are similarly supportive of this hypothesis, as they
show a shift toward greater N-inclusion compared to ground
level (Figure S11). While the average carbon oxidation state is
largely consistent for unique CHNO aloft MF (−0.42 ± 0.51)
compared to aloft CHNO MF commonly detected at the
ground level (−0.41 ± 0.41), it is still consistent with the
hypothesis of biomass burning influence.92,93 The most
populated volatility bin according to number of molecular
MF for the aloft April 17 sample is LVOC (530 MF).
However, the volatility bin with the greatest number of unique
aloft MF is extremely low volatility organic compound
(ELVOC) (139 MF; 29% of total ELVOCs for April 17),
emphasizing the transformed nature and potential oligomer
formation within the aloft sample.
A confident mechanistic description for the unique organo-

nitrates observed here is complicated by the uncontrolled
nature of ambient particle evolution. However, the exper-
imental observations herein are consistent with several
potential mechanistic descriptions for organonitrate formation.
For example, particle-phase Mannich reactions may have
contributed to unique aloft organonitrate oligomers,94

facilitated by the high acidity of SGP aerosol (pH ∼ 2 in
springtime months)95 and increased condensation of organic
precursors into the particle phase.96 This may be supported
here by the increased aloft RH on April 17 (Figure 1) and
unique aloft ELVOCs (Figure 6). Higher order organonitrates
may have also occurred via acid−base reactions between
amines and carboxylic acids.96−98 This mechanism is
supported in theory by the increased O/C ratios for
organonitrate MF uniquely detected in the aloft sample
(Figures 4 and 5).98 It should furthermore be noted that in
the case of aqueous phase processing, these postulated
mechanisms are in competition with organonitrate loss by

Figure 5. Common MFs that were relatively increased in the ground
sample are compared against MFs that were relatively increased in the
aloft sample for April 17, 18, and 26, 2022 according to O/C and H/
C ratios. Bar chart error bars are indicative of plus/minus one
standard deviation.
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hydrolysis of the nitrate functional group.99,100 To this point,
the average O/N ratio for the unique aloft MF for April 17 is
6.9 ± 3.7, sufficient (although not guaranteed) for nitrogen
inclusion as part of a nitrate (i.e., R-ONO2) functional group.
It should be emphasized that the causal speculations of
aqueous phase processing herein are based upon association as
opposed to direct, consequent evidence. Therefore, the unique
aloft organic MF may yet be due to other vertically dependent
atmospheric processes, including photochemistry and temper-
ature.5 Regardless of the responsible atmospheric process and
mechanism, Figures 3−6 present robust experimental evidence
to emphasize the inherent value of assessing the vertical
dependence of organic aerosol molecular composition,
particularly for organonitrates.

3.4. Modeling of Vertically Resolved Atmospheric
Properties. A noted challenge of the interpretations here is
that the aloft samples are composites of all TBS flights from
each respective day. As such, it is unfeasible to compare
intraday molecular composition results (i.e., between same-day

flights), and molecular level changes cannot be linked to
specific altitudes. To address these limitations, Figure 7 shows

the examination of individual flights from April 17 and 18 via
the WRF-Chem v4.2 model67−70,101 via predicted size-resolved
aerosol number concentrations (dN/dlog Dp). WRF-Chem
outputs were analyzed along the TBS flight trajectories
matching the flight altitude, time, latitude, and longitude. To
validate the usage of the WRF-Chem data, Figure S12 shows
good agreement between the predicted (WRF-Chem) and
experimental (CPC) altitude resolved number concentrations.
Figure 7 shows that for April 17, a comparatively stronger
vertical dependence for particle concentration and size
distributions is observed for flight 1 and particularly for flight
2 compared to flight 3. The comparative vertical stasis
observed for flight 3 is in strong agreement with the previous
inferences: TBS flights during increased vertical wind variance
(i.e., turbulent mixing), absence of vertical RH gradients, and
decreased cloud cover (i.e., April 17 flight 3) display minimal
vertical dependences for particle properties. Since April 17,
flight 2 reached a considerably higher altitude (∼600 m) than
flights 1 and 3 (∼300 m), April 18 flight 2 (∼500 m maximum
altitude; Figure S1) was investigated as a control (i.e., a flight
from a different day that otherwise satisfies the inferred
conditions for no vertical dependence of atmospheric particle
organic molecular composition). Similar to April 17 flight 3,
April 18 flight 2 shows no obvious vertical dependence for
particle properties (Figure 7). Therefore, informed by the
predicted temporal and vertical specificity from Figure 7, the
unique aloft molecular composition observed specifically for
April 17 is further evidenced to be driven by the sampling
conditions during flights 1 and 2 (i.e., decreased vertical wind
variance, increased aloft RH, and increased cloud cover).

3.5. Atmospheric Implications. Through this study and
others, the vertical distribution of physicochemical properties
of atmospheric particles in the boundary layer has been shown
to be strongly dependent upon atmospheric mixing. While the

Figure 6. Plot of parametrized volatility48 against the average carbon
oxidation state92 for assigned MF from the aloft sample collected on
April 17, 2022 via the TBS. Aloft MFs that were commonly detected
in a corresponding ground sample are presented as semitransparent,
whereas data points for MFs uniquely detected in the aloft sample are
opaque. All data points are scaled according to normalized abundance
per molecular class. Data points are colored according to the
aromaticity index.49,50 Inset pie charts are scaled by size to the total
number of detected MFs per volatility bin. The total number of MFs
detected per volatility bin (IVOC: intermediate volatile organic
compound; SVOC: semi VOC; LVOC: low VOC; ELVOC:
extremely low VOC) is detailed numerically to the left of the pie
charts. The total number of MFs that were uniquely detected in the
aloft sample per volatility bin are detailed (both absolute number and
as a percentage of MF per volatility bin) to the right of the pie charts.

Figure 7. Plot of altitude AGL against size-resolved particle
concentration as determined by the Weather Research and
Forecasting/Chemistry (WRF-Chem) model. The color bar in each
plot (i.e., flight) is normalized to the maximum predicted dN/dlog Dp
within each flight. All flights shown are indicative of April 17 and 18,
2022 at the SGP observatory location.
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results herein are sample limited, Creamean et al. have
similarly used a TBS to characterize the vertical distribution of
aerosol particle number concentration in the Arctic for a
period of three years.102 A uniform vertical profile was
observed only 14% of the time, and notably, these cases of
uniformity were strongly correlated with a well-mixed below
cloud environment; similar necessary conditions for atmos-
pheric homogeneity are observed here despite the limited
sample set. To investigate how representative the sample set
here is for extended time periods, the remote sensing data was
leveraged for the entirety of April 2022 (Figure S13). Figure
S13 shows that April 17 featured a wind variance range that,
compared to April 18 and 26, was more representative of the
entire month. Conversely, April 17 featured uniquely intense
backscatter measurements (cloud presence) compared to the
rest of the month. Future investigations with larger sample
numbers may be used to more precisely infer which
atmospheric events (e.g., cloud base presence) dominate the
cause for a vertical-dependence in the organic molecular
composition of atmospheric particles. From this improved
understanding, meteorological information (e.g., Figure S13)
may be used as predictive tools for atmospheric composition
heterogeneity and efficiently guide sampling efforts for events
of interest.
In addition to varying across time, atmospheric hetero-

geneity may vary across space. To exemplify this for the case of
aqueous phase processing, Figure S14 shows the vertically
resolved WRF-Chem predicted ammonium nitrate concen-
tration across the southeastern United States for April 17,
2022. Elevated ammonium nitrate concentrations have been
used to indicate aqueous phase processing, as irradiated
aqueous phase inorganic nitrates generate hydroxyl radicals,
resulting in aqueous phase processed SOA.103−105 Varied
vertical trends are observed geospatially, emphasizing the need
to study causative factors associated with additional locations.
While aqueous phase processing is the primary hypothesis

discussed and experimentally supported herein, other plausible
transformative processes may yet have occurred given the
uncontrolled nature of field samples. For example, NOx
influence from anthropogenic centers (featured along the
April 17 HYSPLIT back trajectories) may also enhance
organonitrate speciation. This mechanistic uncertainty further
validates the importance of molecularly and vertically resolved
atmospheric measurements. Overall, approaching the organic
molecular composition of atmospheric particles from a
vertically resolved perspective more generally may therefore
result in improved assessments of atmospheric phenomena and
establish a more accurate link between experimental results
and atmospheric models.
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(62) Schum, S. K.; Zhang, B.; Dzěpina, K.; Fialho, P.; Mazzoleni, C.;
Mazzoleni, L. R. Molecular and Physical Characteristics of Aerosol at
a Remote Free Troposphere Site: Implications for Atmospheric
Aging. Atmos. Chem. Phys. 2018, 18 (19), 14017−14036.
(63) Maclean, A. M.; Smith, N. R.; Li, Y.; Huang, Y.; Hettiyadura, A.
P. S.; Crescenzo, G. V.; Shiraiwa, M.; Laskin, A.; Nizkorodov, S. A.;
Bertram, A. K. Humidity-Dependent Viscosity of Secondary Organic
Aerosol from Ozonolysis of β-Caryophyllene: Measurements,
Predictions, and Implications. ACS Earth Space Chem. 2021, 5 (2),
305−318.
(64) Schum, S. K.; Brown, L. E.; Mazzoleni, L. R. MFAssignR:
Molecular Formula Assignment Software for Ultrahigh Resolution
Mass Spectrometry Analysis of Environmental Complex Mixtures.
Environ. Res. 2020, 191, 110114.
(65) Li, Y.; Day, D. A.; Stark, H.; Jimenez, J. L.; Shiraiwa, M.
Predictions of the Glass Transition Temperature and Viscosity of
Organic Aerosols from Volatility Distributions. Atmos. Chem. Phys.
2020, 20 (13), 8103−8122.
(66) Kroll, J. H.; Donahue, N. M.; Jimenez, J. L.; Kessler, S. H.;
Canagaratna, M. R.; Wilson, K. R.; Altieri, K. E.; Mazzoleni, L. R.;
Wozniak, A. S.; Bluhm, H.; Mysak, E. R.; Smith, J. D.; Kolb, C. E.;
Worsnop, D. R. Carbon Oxidation State as a Metric for Describing
the Chemistry of Atmospheric Organic Aerosol. Nat. Chem. 2011, 3
(2), 133−139.
(67) Grell, G. A.; Peckham, S. E.; Schmitz, R.; McKeen, S. A.; Frost,
G.; Skamarock, W. C.; Eder, B. Fully Coupled “Online” Chemistry
within the WRF Model. Atmos. Environ. 2005, 39 (37), 6957−6975.
(68) Fast, J. D.; Gustafson, W. I., Jr.; Easter, R. C.; Zaveri, R. A.;
Barnard, J. C.; Chapman, E. G.; Grell, G. A.; Peckham, S. E.;
Peckham, S. E. Evolution of Ozone, Particulates, and Aerosol Direct
Radiative Forcing in the Vicinity of Houston Using a Fully Coupled
Meteorology-Chemistry-Aerosol Model. J. Geophys. Res. Atmos. 2006,
111 (D21), D21305.
(69) Berg, L. K.; Shrivastava, M.; Easter, R. C.; Fast, J. D.; Chapman,
E. G.; Liu, Y.; Ferrare, R. A. A New WRF-Chem Treatment for
Studying Regional-Scale Impacts of Cloud Processes on Aerosol and
Trace Gases in Parameterized Cumuli. Geosci. Model Dev. 2015, 8 (2),
409−429.
(70) Marelle, L.; Raut, J.-C.; Law, K. S.; Berg, L. K.; Fast, J. D.;
Easter, R. C.; Shrivastava, M.; Thomas, J. L. Improvements to the
WRF-Chem 3.5.1 Model for Quasi-Hemispheric Simulations of
Aerosols and Ozone in the Arctic. Geosci. Model Dev. 2017, 10
(10), 3661−3677.

(71) Marsh, D. R.; Mills, M. J.; Kinnison, D. E.; Lamarque, J.-F.;
Calvo, N.; Polvani, L. M. Climate Change from 1850 to 2005
Simulated in CESM1(WACCM). J. Clim. 2013, 26 (19), 7372−7391.
(72) Dowell, D. C.; Alexander, C. R.; James, E. P.; Weygandt, S. S.;
Benjamin, S. G.; Manikin, G. S.; Blake, B. T.; Brown, J. M.; Olson, J.
B.; Hu, M.; Smirnova, T. G.; Ladwig, T.; Kenyon, J. S.; Ahmadov, R.;
Turner, D. D.; Duda, J. D.; Alcott, T. I. The High-Resolution Rapid
Refresh (HRRR): An Hourly Updating Convection-Allowing Forecast
Model. Part I: Motivation and System Description. Weather Forecast.
2022, 37 (8), 1371−1395.
(73) Zaveri, R. A.; Easter, R. C.; Fast, J. D.; Peters, L. K. Model for
Simulating Aerosol Interactions and Chemistry (MOSAIC). J.
Geophys. Res. Atmos. 2008, 113 (D13), D13204.
(74) Harvey, R. M.; Bateman, A. P.; Jain, S.; Li, Y. J.; Martin, S.;
Petrucci, G. A. Optical Properties of Secondary Organic Aerosol from
Cis-3-Hexenol and Cis-3-Hexenyl Acetate: Effect of Chemical
Composition, Humidity, and Phase. Environ. Sci. Technol. 2016, 50
(10), 4997−5006.
(75) Wang, J.; Ye, J.; Zhang, Q.; Zhao, J.; Wu, Y.; Li, J.; Liu, D.; Li,
W.; Zhang, Y.; Wu, C.; Xie, C.; Qin, Y.; Lei, Y.; Huang, X.; Guo, J.;
Liu, P.; Fu, P.; Li, Y.; Lee, H. C.; Choi, H.; Zhang, J.; Liao, H.; Chen,
M.; Sun, Y.; Ge, X.; Martin, S. T.; Jacob, D. J. Aqueous Production of
Secondary Organic Aerosol from Fossil-Fuel Emissions in Winter
Beijing Haze. Proc. Natl. Acad. Sci. U.S.A. 2021, 118 (8),
No. e2022179118.
(76) Hinks, M. L.; Montoya-Aguilera, J.; Ellison, L.; Lin, P.; Laskin,
A.; Laskin, J.; Shiraiwa, M.; Dabdub, D.; Nizkorodov, S. A. Effect of
Relative Humidity on the Composition of Secondary Organic Aerosol
from the Oxidation of Toluene. Atmos. Chem. Phys. 2018, 18 (3),
1643−1652.
(77) Kew, W.; Myers-Pigg, A.; Chang, C.; Colby, S.; Eder, J.; Tfaily,
M.; Hawkes, J.; Chu, R.; Stegen, J. Reviews and Syntheses: Use and
Misuse of Peak Intensities from High Resolution Mass Spectrometry
in Organic Matter Studies: Opportunities for Robust Usage.
EGUsphere 2022, 2022, 1−26.
(78) Ijaz, A.; Kew, W.; China, S.; Schum, S. K.; Mazzoleni, L. R.
Molecular Characterization of Organophosphorus Compounds in
Wildfire Smoke Using 21-T Fourier Transform-Ion Cyclotron
Resonance Mass Spectrometry. Anal. Chem. 2022, 94 (42), 14537−
14545.
(79) Brege, M. A.; China, S.; Schum, S.; Zelenyuk, A.; Mazzoleni, L.
R. Extreme Molecular Complexity Resulting in a Continuum of
Carbonaceous Species in Biomass Burning Tar Balls from Wildfire
Smoke. ACS Earth Space Chem. 2021, 5 (10), 2729−2739.
(80) Cook, R. D.; Lin, Y.-H.; Peng, Z.; Boone, E.; Chu, R. K.;
Dukett, J. E.; Gunsch, M. J.; Zhang, W.; Tolic, N.; Laskin, A.; Pratt, K.
A. Biogenic, Urban, and Wildfire Influences on the Molecular
Composition of Dissolved Organic Compounds in Cloud Water.
Atmos. Chem. Phys. 2017, 17 (24), 15167−15180.
(81) Mazzoleni, L. R.; Ehrmann, B. M.; Shen, X.; Marshall, A. G.;
Collett, J. L. J. Water-Soluble Atmospheric Organic Matter in Fog:
Exact Masses and Chemical Formula Identification by Ultrahigh-
Resolution Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry. Environ. Sci. Technol. 2010, 44 (10), 3690−3697.
(82) Brege, M.; Paglione, M.; Gilardoni, S.; Decesari, S.; Facchini,
M. C.; Mazzoleni, L. R. Molecular Insights on Aging and Aqueous-
Phase Processing from Ambient Biomass Burning Emissions-
Influenced Po Valley Fog and Aerosol. Atmos. Chem. Phys. 2018, 18
(17), 13197−13214.
(83) Altieri, K. E.; Turpin, B. J.; Seitzinger, S. P. Oligomers,
Organosulfates, and Nitrooxy Organosulfates in Rainwater Identified
by Ultra-High Resolution Electrospray Ionization FT-ICR Mass
Spectrometry. Atmos. Chem. Phys. 2009, 9 (7), 2533−2542.
(84) Zhao, Y.; Hallar, A. G.; Mazzoleni, L. R. Atmospheric Organic
Matter in Clouds: Exact Masses and Molecular Formula Identification
Using Ultrahigh-Resolution FT-ICR Mass Spectrometry. Atmos.
Chem. Phys. 2013, 13 (24), 12343−12362.
(85) Lee, A. K. Y.; Herckes, P.; Leaitch, W. R.; Macdonald, A. M.;
Abbatt, J. P. D. Aqueous OH Oxidation of Ambient Organic Aerosol

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c02090
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1039/c0an00312c
https://doi.org/10.1039/c0an00312c
https://doi.org/10.1039/c0an00312c
https://doi.org/10.1021/acs.analchem.1c05216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c05216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.1c05216?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac101449p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac101449p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ac101449p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/2014JD021955
https://doi.org/10.1002/2014JD021955
https://doi.org/10.1002/2014JD021955
https://doi.org/10.1002/2014JD021955
https://doi.org/10.1016/j.atmosenv.2012.11.056
https://doi.org/10.1016/j.atmosenv.2012.11.056
https://doi.org/10.1016/j.atmosenv.2012.11.056
https://doi.org/10.5194/acp-18-14017-2018
https://doi.org/10.5194/acp-18-14017-2018
https://doi.org/10.5194/acp-18-14017-2018
https://doi.org/10.1021/acsearthspacechem.0c00296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.0c00296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.0c00296?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envres.2020.110114
https://doi.org/10.1016/j.envres.2020.110114
https://doi.org/10.1016/j.envres.2020.110114
https://doi.org/10.5194/acp-20-8103-2020
https://doi.org/10.5194/acp-20-8103-2020
https://doi.org/10.1038/nchem.948
https://doi.org/10.1038/nchem.948
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://doi.org/10.1016/j.atmosenv.2005.04.027
https://doi.org/10.1029/2005JD006721
https://doi.org/10.1029/2005JD006721
https://doi.org/10.1029/2005JD006721
https://doi.org/10.5194/gmd-8-409-2015
https://doi.org/10.5194/gmd-8-409-2015
https://doi.org/10.5194/gmd-8-409-2015
https://doi.org/10.5194/gmd-10-3661-2017
https://doi.org/10.5194/gmd-10-3661-2017
https://doi.org/10.5194/gmd-10-3661-2017
https://doi.org/10.1175/JCLI-D-12-00558.1
https://doi.org/10.1175/JCLI-D-12-00558.1
https://doi.org/10.1175/WAF-D-21-0151.1
https://doi.org/10.1175/WAF-D-21-0151.1
https://doi.org/10.1175/WAF-D-21-0151.1
https://doi.org/10.1029/2007JD008782
https://doi.org/10.1029/2007JD008782
https://doi.org/10.1021/acs.est.6b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.6b00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.1073/pnas.2022179118
https://doi.org/10.5194/acp-18-1643-2018
https://doi.org/10.5194/acp-18-1643-2018
https://doi.org/10.5194/acp-18-1643-2018
https://doi.org/10.5194/egusphere-2022-1105
https://doi.org/10.5194/egusphere-2022-1105
https://doi.org/10.5194/egusphere-2022-1105
https://doi.org/10.1021/acs.analchem.2c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.analchem.2c00916?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00141?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-17-15167-2017
https://doi.org/10.5194/acp-17-15167-2017
https://doi.org/10.1021/es903409k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es903409k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es903409k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es903409k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-18-13197-2018
https://doi.org/10.5194/acp-18-13197-2018
https://doi.org/10.5194/acp-18-13197-2018
https://doi.org/10.5194/acp-9-2533-2009
https://doi.org/10.5194/acp-9-2533-2009
https://doi.org/10.5194/acp-9-2533-2009
https://doi.org/10.5194/acp-9-2533-2009
https://doi.org/10.5194/acp-13-12343-2013
https://doi.org/10.5194/acp-13-12343-2013
https://doi.org/10.5194/acp-13-12343-2013
https://doi.org/10.1029/2011GL047439
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c02090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and Cloud Water Organics: Formation of Highly Oxidized Products.
Geophys. Res. Lett. 2011, 38 (11), L11805.
(86) Lim, Y. B.; Tan, Y.; Perri, M. J.; Seitzinger, S. P.; Turpin, B. J.
Aqueous Chemistry and Its Role in Secondary Organic Aerosol
(SOA) Formation. Atmos. Chem. Phys. 2010, 10 (21), 10521−10539.
(87) Laskin, A.; Laskin, J.; Nizkorodov, S. A. Chemistry of
Atmospheric Brown Carbon. Chem. Rev. 2015, 115 (10), 4335−4382.
(88) Cheng, Y.; Cao, X.; Liu, J.; Yu, Q.; Wang, P.; Yan, C.; Du, Z.;
Liang, L.; Zhang, Q.; He, K. Primary Nature of Brown Carbon
Absorption in a Frigid Atmosphere with Strong Haze Chemistry.
Environ. Res. 2022, 204, 112324.
(89) Li, H.; Qin, X.; Chen, J.; Wang, G.; Liu, C.; Lu, D.; Zheng, H.;
Song, X.; Gao, Q.; Xu, J.; Zhu, Y.; Liu, J.; Wang, X.; Deng, C.; Huang,
K. Continuous Measurement and Molecular Compositions of
Atmospheric Water-Soluble Brown Carbon in the Nearshore Marine
Boundary Layer of Northern China: Secondary Formation and
Influencing Factors. J. Geophys. Res. Atmos. 2023, 128 (12),
No. e2023JD038565.
(90) Li, X.; Hu, M.; Wang, Y.; Xu, N.; Fan, H.; Zong, T.; Wu, Z.;
Guo, S.; Zhu, W.; Chen, S.; Dong, H.; Zeng, L.; Yu, X.; Tang, X. Links
between the Optical Properties and Chemical Compositions of Brown
Carbon Chromophores in Different Environments: Contributions and
Formation of Functionalized Aromatic Compounds. Sci. Total
Environ. 2021, 786, 147418.
(91) Shiraiwa, M.; Li, Y.; Tsimpidi, A. P.; Karydis, V. A.; Berkemeier,
T.; Pandis, S. N.; Lelieveld, J.; Koop, T.; Pöschl, U. Global
Distribution of Particle Phase State in Atmospheric Secondary
Organic Aerosols. Nat. Commun. 2017, 8 (1), 15002.
(92) Kroll, J. H.; Donahue, N. M.; Jimenez, J. L.; Kessler, S. H.;
Canagaratna, M. R.; Wilson, K. R.; Altieri, K. E.; Mazzoleni, L. R.;
Wozniak, A. S.; Bluhm, H.; Mysak, E. R.; Smith, J. D.; Kolb, C. E.;
Worsnop, D. R. Carbon Oxidation State as a Metric for Describing
the Chemistry of Atmospheric Organic Aerosol. Nat. Chem. 2011, 3
(2), 133−139.
(93) Aiken, A. C.; DeCarlo, P. F.; Kroll, J. H.; Worsnop, D. R.;
Huffman, J. A.; Docherty, K. S.; Ulbrich, I. M.; Mohr, C.; Kimmel, J.
R.; Sueper, D.; Sun, Y.; Zhang, Q.; Trimborn, A.; Northway, M.;
Ziemann, P. J.; Canagaratna, M. R.; Onasch, T. B.; Alfarra, M. R.;
Prevot, A. S. H.; Dommen, J.; Duplissy, J.; Metzger, A.; Baltensperger,
U.; Jimenez, J. L. O/C and OM/OC Ratios of Primary, Secondary,
and Ambient Organic Aerosols with High-Resolution Time-of-Flight
Aerosol Mass Spectrometry. Environ. Sci. Technol. 2008, 42 (12),
4478−4485.
(94) Wang, X.; Gao, S.; Yang, X.; Chen, H.; Chen, J.; Zhuang, G.;
Surratt, J. D.; Chan, M. N.; Seinfeld, J. H. Evidence for High
Molecular Weight Nitrogen-Containing Organic Salts in Urban
Aerosols. Environ. Sci. Technol. 2010, 44 (12), 4441−4446.
(95) Liu, J.; Alexander, L.; Fast, J. D.; Lindenmaier, R.; Shilling, J. E.
Aerosol Characteristics at the Southern Great Plains Site during the
HI-SCALE Campaign. Atmos. Chem. Phys. 2021, 21 (6), 5101−5116.
(96) Liu, Y.; Ma, Q.; He, H. Heterogeneous Uptake of Amines by
Citric Acid and Humic Acid. Environ. Sci. Technol. 2012, 46 (20),
11112−11118.
(97) Zhang, R.; Wang, G.; Guo, S.; Zamora, M. L.; Ying, Q.; Lin, Y.;
Wang, W.; Hu, M.; Wang, Y. Formation of Urban Fine Particulate
Matter. Chem. Rev. 2015, 115 (10), 3803−3855.
(98) Liu, Z.; Zhu, B.; Zhu, C.; Ruan, T.; Li, J.; Chen, H.; Li, Q.;
Wang, X.; Wang, L.; Mu, Y.; Collett, J.; George, C.; Wang, Y.; Wang,
X.; Su, J.; Yu, S.; Mellouki, A.; Chen, J.; Jiang, G. Abundant
nitrogenous secondary organic aerosol formation accelerated by cloud
processing. iScience 2023, 26, 108317.
(99) Takeuchi, M.; Ng, N. L. Chemical composition and hydrolysis
of organic nitrate aerosol formed from hydroxyl and nitrate radical
oxidation of <i&amp;gt;α</i&amp;gt;-pinene and <i&amp;gt;β</
i&amp;gt;-pinene. Atmos. Chem. Phys. 2019, 19 (19), 12749−12766.
(100) Liu, S.; Shilling, J. E.; Song, C.; Hiranuma, N.; Zaveri, R. A.;
Russell, L. M. Hydrolysis of Organonitrate Functional Groups in
Aerosol Particles. Aerosol Sci. Technol. 2012, 46 (12), 1359−1369.

(101) Shrivastava, M.; Rasool, Q. Z.; Zhao, B.; Octaviani, M.; Zaveri,
R. A.; Zelenyuk, A.; Gaudet, B.; Liu, Y.; Shilling, J. E.; Schneider, J.;
Schulz, C.; Zöger, M.; Martin, S. T.; Ye, J.; Guenther, A.; Souza, R. F.;
Wendisch, M.; Pöschl, U. Tight Coupling of Surface and In-Plant
Biochemistry and Convection Governs Key Fine Particulate
Components over the Amazon Rainforest. ACS Earth Space Chem.
2022, 6 (2), 380−390.
(102) Creamean, J. M.; de Boer, G.; Telg, H.; Mei, F.; Dexheimer,
D.; Shupe, M. D.; Solomon, A.; McComiskey, A. Assessing the
Vertical Structure of Arctic Aerosols Using Balloon-Borne Measure-
ments. Atmos. Chem. Phys. 2021, 21 (3), 1737−1757.
(103) Huang, D. D.; Zhang, Q.; Cheung, H. H. Y.; Yu, L.; Zhou, S.;
Anastasio, C.; Smith, J. D.; Chan, C. K. Formation and Evolution of
AqSOA from Aqueous-Phase Reactions of Phenolic Carbonyls:
Comparison between Ammonium Sulfate and Ammonium Nitrate
Solutions. Environ. Sci. Technol. 2018, 52 (16), 9215−9224.
(104) Scharko, N. K.; Berke, A. E.; Raff, J. D. Release of Nitrous
Acid and Nitrogen Dioxide from Nitrate Photolysis in Acidic Aqueous
Solutions. Environ. Sci. Technol. 2014, 48 (20), 11991−12001.
(105) Minero, C.; Bono, F.; Rubertelli, F.; Pavino, D.; Maurino, V.;
Pelizzetti, E.; Vione, D. On the Effect of PH in Aromatic
Photonitration upon Nitrate Photolysis. Chemosphere 2007, 66 (4),
650−656.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.4c02090
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

L

https://doi.org/10.1029/2011GL047439
https://doi.org/10.5194/acp-10-10521-2010
https://doi.org/10.5194/acp-10-10521-2010
https://doi.org/10.1021/cr5006167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr5006167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.envres.2021.112324
https://doi.org/10.1016/j.envres.2021.112324
https://doi.org/10.1029/2023JD038565
https://doi.org/10.1029/2023JD038565
https://doi.org/10.1029/2023JD038565
https://doi.org/10.1029/2023JD038565
https://doi.org/10.1016/j.scitotenv.2021.147418
https://doi.org/10.1016/j.scitotenv.2021.147418
https://doi.org/10.1016/j.scitotenv.2021.147418
https://doi.org/10.1016/j.scitotenv.2021.147418
https://doi.org/10.1038/ncomms15002
https://doi.org/10.1038/ncomms15002
https://doi.org/10.1038/ncomms15002
https://doi.org/10.1038/nchem.948
https://doi.org/10.1038/nchem.948
https://doi.org/10.1021/es703009q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es703009q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es703009q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1001117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1001117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es1001117?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-21-5101-2021
https://doi.org/10.5194/acp-21-5101-2021
https://doi.org/10.1021/es302414v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es302414v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.isci.2023.108317
https://doi.org/10.1016/j.isci.2023.108317
https://doi.org/10.1016/j.isci.2023.108317
https://doi.org/10.5194/acp-19-12749-2019
https://doi.org/10.5194/acp-19-12749-2019
https://doi.org/10.5194/acp-19-12749-2019
https://doi.org/10.5194/acp-19-12749-2019
https://doi.org/10.1080/02786826.2012.716175
https://doi.org/10.1080/02786826.2012.716175
https://doi.org/10.1021/acsearthspacechem.1c00356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00356?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5194/acp-21-1737-2021
https://doi.org/10.5194/acp-21-1737-2021
https://doi.org/10.5194/acp-21-1737-2021
https://doi.org/10.1021/acs.est.8b03441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.8b03441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es503088x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es503088x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es503088x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemosphere.2006.07.082
https://doi.org/10.1016/j.chemosphere.2006.07.082
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.4c02090?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

