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Abstract

Wildfires significantly impact air quality and climate, including through the production of
aerosols that can nucleate cloud droplets and participate in agueous-phase reactions. Cloud water
was collected during the summer months (June to September) of 2010 to 2017 at Whiteface
Mountain, New York and examined for biomass burning influence. Cloud water samples were
classified by their smoke influence based on backward air mass trajectories and satellite-detected
smoke. A total of 1338 cloud water samples collected over 485 days were classified by their
probability of smoke influence, with 49% of these days categorized as having moderate to high
probability of smoke influence. Carbon monoxide and ozone levels were enhanced during smoke
influenced days at the summit of Whiteface Mountain. Smoke-influenced cloud water samples
were characterized by enhanced concentrations of potassium, sulfate, ammonium, and total
organic carbon, compared to samples lacking identified influence. Five cloud water samples
were examined further for the presence of organic compounds, insoluble particles, and light-
absorbing components. The five selected cloud water samples contained the biomass burning
tracer levoglucosan at 0.02 — 0.09 uM. Samples influenced by air masses that remained aloft,
above the boundary layer during transport, had lower insoluble particle concentrations, larger
insoluble particle diameters, and larger oxalate:sulfate ratios, suggesting cloud processing had
occurred. These findings highlight the influence that local and long-range transported smoke
have on cloud water composition.

1 Introduction

Fire activity in North America has drastically increased in recent years (Dennison et al.,
2014; Flannigan et al., 2013; Jolly et al., 2015; Liu et al., 2016; Tymstra et al., 2020; Westerling,
2016). Wild, prescribed, and agricultural fires are a large source of particulate matter less than
2.5 um in diameter (PM25s) (Jaffe et al., 2020; Larsen et al., 2018; O’Dell et al., 2021), including
in the free troposphere (Hung et al., 2021). PM2.s degrades air quality (Brey et al., 2018a; Liu et
al., 2016) and has been linked to chronic health problems (Matz et al., 2020; O’Dell et al., 2021).
Additionally, PM2s impacts climate through the direct aerosol effect, where aerosols scatter or
absorb solar radiation (Ghan et al., 2012; Haywood & Boucher, 2000), and through the aerosol
indirect effect by modifying the radiative properties of clouds (Haywood & Boucher, 2000;
Lohmann & Feichter, 2005). Simulations using the Weather Research and Forecast modeling
system with Chemistry (WRF-Chem-SMOKE) for northern Canada (Lu & Sokolik, 2013) and
the western United States (Twohy et al., 2021) show that clouds significantly influenced by
biomass burning smoke have increased cloud droplet number concentrations and decreased cloud
droplet sizes. In this way, biomass burning particles can delay the onset of precipitation,
affecting the lifetime, chemistry, and microphysical properties of clouds (Andreae et al., 2004;
Ge et al., 2014; Grandey et al., 2016; Lee & Wang, 2020; Lu & Sokolik, 2013).

The chemical composition of biomass burning particles influences their interactions with
radiation and ability to uptake water, affecting their potential for aqueous phase reactions (Ahern
etal., 2019; Cook et al., 2017; Ervens et al., 2004; Ervens et al., 2011; Gilardoni et al., 2016;
Schurman et al., 2018). The chemical composition of smoke can vary based on vegetation type,
burn conditions, and meteorological conditions (Chen et al., 2017; Gilman et al., 2015). Fresh
biomass burning particles typically consist of greater than ~80%, by mass, organic carbon, with
minor mass contributions from black carbon and potassium salts, including sulfate, chloride, and
nitrate (Kleinman et al., 2020; Liu et al., 2017; May et al., 2014; Reid et al., 2005; Thepnuan et
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al., 2019; Zhou et al., 2017). Previous single-particle mass spectrometry studies characterize
freshly emitted smoke particles as having prominent ions corresponding to potassium, sulfate,
and nitrate (Hudson et al., 2004; Pratt et al., 2011; Silva et al., 1999; Zauscher et al., 2013).
These fresh smoke particles have been identified as cloud condensation nuclei (CCN)
(Bougiatioti et al., 2016; Engelhart et al., 2012; Petters et al., 2009a), and ice nucleating particles
(INPs) (McCluskey et al., 2014; Petters et al., 2009b), thereby impacting cloud formation and
properties (Penner et al., 1992; Reid et al., 2005; Spracklen et al., 2011).

During atmospheric transport, biomass burning emissions are typically oxidized by
hydroxyl (OH) radicals, producing secondary organic aerosol (Ahern et al., 2019; Lim et al.,
2019). Secondary species, such as ammonium, nitrate, sulfate, and oxidized organics are often
incorporated onto existing smoke particles (Chen et al., 2017; Engelhart et al., 2012; Pratt et al.,
2010; Vakkari et al., 2014). The chemical processing of biomass burning particles increases
CCN activity (Desyaterik et al., 2013; Hodshire et al., 2019; Reid et al., 2005; Zhou et al., 2017)
by increasing the hydrophilicity of the particles through chemical oxidation and addition of
soluble components (e.g., sulfate, nitrate, and oxidized organics) (Jing et al., 2018; Khalizov et
al., 2009; Leskinen et al., 2007; Posfai et al., 2003). Once incorporated into clouds, these
chemical changes are reflected on the single-particle level. Smoke influenced cloud droplet
residual particles characterized by scanning transmission electron microscopy and X-ray
spectroscopy were composed of mostly carbon and oxygen and internally mixed with nitrogen,
sulfur, and potassium (Twohy et al., 2021). Similarly, single-particle mass spectrometry of cloud
droplet residuals showed the presence of individual aged biomass burning particles with
secondary ammonium, sulfuric acid, oxidized organics, and oxalic acid (Pratt et al., 2010). In
addition to chemical composition changes, physical and optical properties of smoke particle
changes as smoke plumes age, with particle diameter increasing, and absorption decreasing
(Kleinman et al., 2020; Nikonovas et al., 2015).

Within cloud droplets, aqueous reactions can occur and alter droplet cloud chemical
composition (Blando & Turpin, 2000; Ervens et al., 2011; Sun et al., 2021). For example,
components of biomass burning aerosols (e.g., levoglucosan, catechol, aminophenol) can react
with agqueous hydroxyl radicals (OH) to form cloud processing tracers, such as oxalate, malonate,
and mesoxalate (Tomaz et al., 2018). Levoglucosan, a common molecular tracer in biomass
burning particles (Simoneit et al., 1999), has been identified in smoke-influenced cloud water
(Desyaterik et al., 2013), and can undergo cloud processing (Tomaz et al., 2018) which causes it
to degrade over time (Hennigan et al., 2010). The aqueous lifetime of levoglucosan ranges from
a few hours to a few days (Sang et al., 2016; Zhao et al., 2014), depending on temperature,
relative humidity, and particle chemical composition (Bai et al., 2013; Lai et al., 2014; Sang et
al., 2016; Zhao et al., 2014). Further, smoke-influenced cloud water collected in the Philippines
and China showed increased concentrations of organic and light absorbing compounds formed
through secondary reactions (Desyaterik et al., 2013; Stahl et al., 2021). Gilardoni et al. (2016)
estimated 4 — 20% of total organic aerosol measured per year in Europe was formed through
aqueous reactions, with the aqueous secondary organic aerosol being more absorbing compared
to primary biomass burning organic aerosol.

Lance et al. (2017) recently pointed to the need for observational and modeling studies of
cloud processing and the utility of the Whiteface Mountain Observatory in New York. The state
of New York frequently experiences high PM2.s concentrations associated with long-range
transported smoke (Hung et al., 2021; Rattigan et al., 2016), with increasing elemental and black

This article is protected by copyright. All rights reserved.



carbon concentrations in the past two decades (Blanchard et al., 2019). This smoke likely
contributes to the organic matter observed in cloud water collected at Whiteface Mountain. At
this site, Cook et al. (2017) observed the presence of biomass burning markers resulting from
aqueous-phase oxidation reactions of syringol and guaiacol, in three wildfire-influenced cloud
water samples collected during August 2014 at this site. In another study, cloud water collected
during summertime (August 2017) at Whiteface Mountain was found to be primarily composed
of organic matter, averaging 66 — 78%, by mass, for the non-water components (Zhang et al.,
2019). During the same study examining cloud water in August 2017, Lance et al. (2020)
observed a correlation between cloud water potassium concentrations and enhancements in black
carbon and ozone concentrations, with air mass trajectory modeling consistent with the influence
of long-range transported smoke from wildfires in British Columbia. Together these studies
suggest that long-range transported smoke frequently influences clouds at Whiteface Mountain,
and this motivates our current work, especially given growing concern of increasing wildfire
activity.

The goal of this study is to examine the influence of wildfires on cloud chemical
composition at Whiteface Mountain, New York during the summer across seven years. For the
past three decades, cloud water has been collected at the summit of Whiteface Mountain for
long-term chemical composition monitoring (Aleksic et al., 2009; Khwaja et al., 1995). In the
current study, backward air mass trajectories and satellite-detected smoke were used to
determine the frequency with which cloud water samples collected at this site had likely been
influenced by smoke. The inorganic ion and total organic carbon concentrations of cloud water
samples impacted by smoke were compared to those without smoke influence. A subset of the
smoke-influenced cloud water samples was analyzed to further probe the heterogeneity in
inorganic ion composition, carbohydrate composition, insoluble residual particle concentrations,
and presence of light-absorbing compounds.

2 Materials and Methods

2.1. Whiteface Mountain In-Situ Measurements and Cloud Water Collection

Cloud water was collected using an omni-directional passive collector (Aleksic & Dukett,
2010) during June to September from 2010 to 2017 at the Whiteface Mountain Summit
Observatory (elevation 1,483 m above mean sea level). Cloud water collection was initiated
when the following meteorological parameters were met: 1) liquid water content (LWC) was
greater than 0.05 g m*, indicating the presence of a cloud (Seinfeld & Pandis, 2016), 2)
temperature exceeded 2°C, to prevent damage to the collector from riming, 3) no rain was
detected, to limit measurements to non-precipitating clouds, and 4) wind speed was greater than
2 m s, allowing cloudy air to pass through the collector. Wind speed was measured using a RM
Young anemometer. Rain was detected using an Aerochem gridded rain sensor from 1994 to
2014; since 2015 rain was detected using a Canadian Acid Precipitation Monitoring Network
(CAPMOoN) rain sensor (Mekis et al., 2018). Prior to 2014, cloud water was collected in 3 h
intervals. Starting in 2014 this was changed to 12 h collection intervals. Once collected and
labeled, cloud water samples were refrigerated at 4°C for up to three days until analysis
(Baumgardner et al., 1997; Schwab et al., 2016). In total, 1339 cloud water samples were
collected over 485 days between June to September of 2010 to 2017. Of those samples, five
samples, collected on August 16 and 18, 2014 and July 07, 17, and 21, 2015, were shipped
frozen and stored frozen in the dark until further analysis.
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Long-term measurements of ozone (Os), carbon monoxide (CO), nitric oxide (NO),
nitrogen dioxide (NO>), total nitrogen oxides (NOy), and sulfur dioxide (SO2) were measured at
the Whiteface Mountain Summit Observatory by the University of Albany Atmospheric Sciences
Research Center. Method details for the gas measurements can be found in Brandt et al. (2016).
Briefly, Os was measured using ultraviolet (UV) optical absorption (model 49C, Thermo
Environmental Instruments, Inc., Waltham, Massachusetts, USA). CO was measured by non-
dispersive infrared coupled with a gas filter correlation (model 300EU, Teledyne API, San
Diego, California, USA). NO, NO: (after photolytic conversion), and NOy (after heated
molybdenum conversion) were measured using chemiluminescence (model 42CTL, Thermo
Environmental Instruments, Inc., Waltham, Massachusetts, USA). SO was measured by pulsed
fluorescence (model 43CTL, Thermo Environmental Instruments, Inc., Waltham, Massachusetts,
USA).

2.2. Cloud Water Analysis

Samples were analyzed by the Adirondack Lake Survey Corporation (ALSC) for pH,
conductivity, LWC, sulfate (S04), nitrate (NO3), chloride (CI"), calcium (Ca?*), magnesium
(Mg?"), sodium (Na*), potassium (K*), ammonium (NH4*"), and total organic carbon (TOC). pH
was measured using an Orion Star A211 meter with an Orion 8102BNUWP pH probe (Thermo
Scientific, Waltham, Massachusetts, USA). Conductivity was measured at 25°C using a YSI
Model 32 Conductivity meter with a YSI Model 3402 probe (Yellow Springs Instrument Co.,
Yellow Springs, Ohio, USA). LWC was measured by a Gerber Particle Volume Monitor
(Gerber, 1991). TOC was measured according to the EPA 450.1 method using a Tekmar
Dorhmann Phoenix 800 Carbon Analyzer (Teledyne Tekmar, Mason, Ohio, USA) from 2010 to
2015. Starting in April 2015, TOC was measured with a Teledyne Tekmar TOC Fusion Carbon
Analyzer (Teledyne Tekmar, Mason, Ohio, USA).

Prior to 2014, the concentrations of SO42", NOs’, and CI- were measured using a Thermo
Scientific Dionex ICS-600 lon Chromatography system (Thermo Scientific, Waltham,
Massachusetts, USA) according to the EPA 300.1 method. After July 2014, the anion
concentrations were measured using a Thermo Scientific Dionex ICS-1100 lon Chromatography
system (Thermo Scientific, Waltham, Massachusetts, USA). Thermo Scientific Dionex lonpac
AS22 chromatography columns (Thermo Scientific, Waltham, Massachusetts, USA) were used
in both ion chromatography systems. Prior to 2014, the concentrations of Ca?*, Mg?*, Na*, and
K™ were measured with a Perkin-EImer AAnalyst (model 300, Perkin-Elmer, Waltham,
Massachusetts, USA) flame/graphite furnace Atomic Absorption Spectrometer (AAS). After
September 2014, Ca?*, Mg?*, Na*, and K* concentrations were measured with a Perkin-Elmer
PinAAcle 900H flame/graphite furnace AAS (Perkin-Elmer, Waltham, Massachusetts, USA).
NH.4" concentrations were measured using the automated phenolate method combined with
colorimetry according to the EPA 350.1 method using a Technicon Il AutoAnalyzer (Technicon
Industrial Systems, Tarrytown, New York, USA). The limits of detection (LODs) for these
inorganic ions were recorded yearly based on 3 times the standard deviation of 7 replicates of a
low-level standard and can be accessed on the ALSC website
(http://www.adirondacklakessurvey.org/wfc.shtml, last accessed: 28 September 2021). The range
of LODs for the years included in this study were 0.05 — 0.4 uM for SO4%, 0.06 — 0.3 uM for
NOs", 0.08 — 0.5 uM for CI-, 0.1 — 0.7 uM for Ca?*, 0.04 — 0.1 uM for Mg?*, 0.04 — 0.7 uM for
Na*, 0.05 - 0.2 uM for K*, and 0.8 — 4 uM for NH4*. Any concentration below the LOD for a
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given sample was replaced with 0.5 multiplied by the LOD for all calculations and figures
(MacDougall et al., 1980).

Five cloud water samples collected on August 16 and 18, 2014 and July 07, 17, and 21,
2015 that had sufficient volume remaining after the routine measurements were chosen for
additional analyses. The size distributions of insoluble particles were measured for four of the
five selected cloud water samples (August 16, 2014 and July 07, 17, and 21, 2015) for which
sufficient volume remained at the time of analysis. Insoluble particles were measured with an
NanoSight LM10 Nanoparticle Tracking Analysis (NTA) Microscope (NanoSight Ltd.,
Amesbury, UK), which has been previously used for rain water samples (Axson et al., 2015).
Briefly, the hydrodynamic diameter of particles, ranging from 20 to 1000 nm is determined by
illuminating the sample using a 405 nm laser diode and tracking individual particles’ Brownian
motion. All samples were introduced into the sample chamber using a syringe pump set to a speed of
60 rpm. A scientific complementary metal oxide semiconductor (SCMQOS) camera collected
videos of the light scattering from insoluble particles to measure the number concentrations and
size distribution. Each sample was captured 10 times, with 60 s videos. Changes due to thawing
frozen samples are not expected to have affected the measured insoluble particle size
distributions, based on previous work (Axson et al., 2016).

For the five selected smoke influenced cloud water samples collected between August
2014 and July 2015, high-performance anion-exchange chromatography with pulsed
amperometric detection (HPAEC-PAD) was used to measure levoglucosan, mannosan,
galactosan, galactose, glucose, mannose, glycerol, inositol, threitol, mannitol, arabinose, and
xylose. The analysis was conducted on a Dionex DX-500 ion chromatography system with
detection via an ED-50/ED-50A electrochemical cell (Thermo Scientific, Waltham,
Massachusetts, USA). A sodium hydroxide gradient was used on a Dionex CarboPac PA-1
column (4x250 mm). The complete run time was 50 min with an injection volume of 100 pL.
Full method details are reported by Sullivan et al. (2011a; 2011b; 2019; 2014). The LODs were
determined to be less than 0.01 pg/L for all carbohydrates measured. The organic acids acetate,
proponiate, formate, methanesulfonate, glutarate, succinate, malonate, maleate, and oxalate were
measured using a Dionex I1CS-4000 capillary ion chromatography system (Thermo Scientific,
Waltham, Massachusetts, USA). A Dionex AS11-HC capillary column (Thermo Scientific,
Waltham, Massachusetts, USA) with a potassium hydroxide gradient provided by an eluent
generator at a flowrate of 0.015 mL min* was used for the separation. The complete run time
was 65 min with an injection volume of 35 pL. The LODs was determined to be less than 0.1 ug
L1 for all organic acid species measured. Uncertainty for all carbohydrate and organic acid
species measured were calculated by propagating error and estimated to be ~10% of the
measured concentration.

For two of the selected smoke influenced cloud water samples (collected on July 07, and
17, 2015) for which sufficient sample remained, ultraviolet (UV)-visible light absorption spectra
were measured with a 1-m optical path capillary waveguide (WPl LWCC 3100), a deuterium-
tungsten lamp (Ocean Insight DH-mini, Ocean Insight, Orlando, Florida, USA), and a modular
spectrometer (Ocean Optics USB4000, Ocean Insight, Orlando, Florida, USA). Absorption
spectra were recorded between 300 and 600 nm. Cloud water was filtered with a 0.2 um syringe
filter prior to analysis to prevent insoluble particles from obstructing the capillary waveguide.
Each spectrum was baseline corrected by subtracting the absorbance in the near IR (700 nm),
following the approach described by Hecobian et al. (2010) and Zhang et al. (2011). Each
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absorbance measurement included at least four replicates, and the absorbance uncertainty was
determined by the standard deviation of those measurements at each wavelength. Water-soluble
organic carbon (WSOC) was measured in triplicate for these two cloud water samples using a
Sievers 5310C Laboratory TOC (GE Analytical Instruments, Boulder, Colorado, USA). The
relative standard deviation was less than 1% for each TOC reading. Mass absorption coefficients
(MAC) were calculated following the equation below.

4b
MACcioua water = WS% 1)

where Abszes refers to the absorbance averaged between 360 to 370 nm, 1 m refers to the length
of the optical path capillary waveguide, and WSOC,pm is the water-soluble organic carbon
concentration in units of ppm.

The absorption Angstrém exponent (AAE) was calculated to probe the wavelength (A)
dependence of aerosol absorptivity in the cloud water samples using the following relation (Bian
et al., 2020; Kirillova et al., 2014):

_ In(4(10) - In(4(12)) (2)

AAE = In(Ay) — In(A2)

where A()A) denotes the cloud water absorptivity at a particular wavelength (A). AAE was
determined within the range of 330 (A1) — 400 (A2) nm to avoid interferences from non-organic
compounds such as nitrates at ~300 nm (Cheng et al., 2011) and due to the low signal-to-noise
ratio for wavelengths above 400 nm as similarly observed in previous studies (Kirillova et al.,
2014).

2.3. Air Mass Trajectory Analysis

For each cloud water sample collected between June to September of 2010 to 2017, a
three day (72 h) backward air mass trajectory was calculated using the NOAA Hybrid Single
Particle Lagrangian Integrated Trajectory (HYSPLIT) Model (Rolph et al., 2017; Stein et al.,
2015). The midpoint of the cloud water collection period was used as the start time for the
backward air mass trajectory. To account for uncertainties in the HYSPLIT model related to
local terrain, a starting height of at 1583 m above sea level (100 m above the sampling site at
44.366°N, 73.903°W) was used. Trajectories were calculated using 1° Global Data Assimilation
System (GDAS) meteorology.

The NOAA Hazard Mapping System (HMS) Fire and Smoke Product (Rolph et al., 2009)
was used to ascertain whether cloud water collected may have been influenced by smoke.
Previous studies have similarly used the HMS Fire and Smoke Product to differentiate smoke
influenced days (Brey et al., 2018b; O’Dell et al., 2019). The HMS Fire and Smoke Product
incorporates multiple satellite operations to identify locations of fire and smoke across North
America. The HMS smoke location and classifications are identified manually, and therefore, the
product can include errors when distinguishing smoke and other features (e.g., clouds, forests,
and bodies of water) that appear similarly in satellite imagery (Schroeder et al., 2008). The HMS
does not distinguish between different sources of smoke (e.g., wildfires, prescribed burns) and is
limited to smoke visible during daylight hours (Brey et al., 2018a; Brey et al., 2018b).

The HMS Fire and Smoke Product was used in conjunction with the modeled backward
air mass trajectories to classify the influence of biomass burning for each day cloud water
samples were collected. These cloud water samples were then sorted into three categories based
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on their probability of having smoke influence: 1) satellite-detected smoke influencing air quality
over Whiteface Mountain, 2) smoke observed along the backward air mass trajectory, and 3) no
satellite-observed smoke influence. The first category (referred to as having a high probability of
smoke influence) included any day when the first 12 h of the backward air mass trajectory
overlapped with any identified smoke, regardless of smoke thickness. The second category
(referred to as having a moderate probability of smoke influence) encompassed days for which
the latter portion of the backward air mass trajectory (13 — 72 h before arrival at Whiteface
Mountain) overlapped with satellite-observed smoke. The third category (low probability of
smoke influence) corresponded to samples for which no satellite-observed smoke overlapped
with the traveling air mass. Uncertainties in the air mass trajectories were considered by creating
a radius starting at zero and expanding by 2 km for every hour along the trajectory; this area
corresponded to the region for which HMS Fire and Smoke product overlap was considered.
Lastly, partial backward air mass trajectories that encountered precipitation during 13 — 72 h
were not considered in the classification due to wet deposition potentially impacting the air mass
and removing smoke particles. Since cloud water was not collected during rainfall (Section 2.1),
any precipitation reported by the HYSPLIT model within the first 12 h of the air mass trajectory
was not considered. Wet deposition effects have been observed in previous studies at this site
showing a coincident drop in ion concentrations in cloud water collected after rain showers
(Aleksic et al., 2009; Khwaja et al., 1995). The backward air mass trajectories overlaid on HMS
smoke and fire maps shown in Figure 1 for three example cloud water samples representing
each of the smoke categories.

3 Results and Discussion

3.1. Frequency of Wildfire Smoke Plumes Influencing Whiteface Mountain

Cloud water samples were collected at 3 or 12 h intervals, depending on the collection
year, for 485 days between the months of June and September from 2010 to 2017, resulting in a
total of 1338 samples included in this analysis. Based on backward air mass trajectory analysis,
the Whiteface Mountain Observatory was primarily influenced by smoke from fires occurring in
Canada and the eastern United States (e.g., Figure 1 and S1), consistent with previous
observations of long-range transported smoke impacting air quality in New York State (Brey et
al., 2018b; DeBell et al., 2004; Park et al., 2007; Rogers et al., 2020; Wu et al., 2018).
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Figure 1. Smoke classifications for Whiteface Mountain cloud water samples. NOAA
HYSPLIT 72 h backward air mass trajectories (white lines, with black dots representing every
12 h resolution) are overlaid on smoke maps, where green, yellow, and red shading indicates
thin, medium, and thick amounts of smoke, respectively, as defined by the NOAA Hazard
Mapping System (HMS) Fire and Smoke Product. Red triangles indicate location of satellite-
detected wildfires. Samples were classified by the probability of being smoke-influenced with
(@) “high probability” if the HMS displayed smoke above Whiteface Mountain or within the
first 12 h of the backward air mass trajectory, “moderate probability” (b) if the air mass
trajectory between 13 — 72 h overlapped with the smoke map, and “low probability” (c) if the
trajectory did not overlap with any smoke detected.

Of the 485 days when cloud water was sampled in this study, 49 + 3% of these days were
identified as having a moderate to high probability of smoke influence. Of the days with smoke
influence, 29 + 2% were classified as “high smoke probability”, meaning that smoke was
detected by the NOAA HMS Fire and Smoke Product to be over Whiteface Mountain, while 20
+ 2% of the days were influenced by upwind smoke along the trajectory (designated as
“moderate smoke probability” samples). Cloud water collected from June through August were
more likely to be smoke-influenced (51 + 6%, 59 * 6%, and 48 + 5%, respectively), compared to
cloud water collected in September (34 + 5%) (Figure 2A), with uncertainties representing
standard errors assuming binomial distributions. Within the contiguous United States fire season
differs regionally with fires in the western United States occurring through the summer to fall
months (June to November), central states beginning in the spring to summer months (April to
July), and the southern states throughout the fall (September — December) and winter months
(January — March) (Jaffe et al., 2020). The increase in smoke-influenced cloud water during June
and July correspond to when satellite-detected fires begin to peak in the western United States
and in some of the Canadian provinces (Brey et al., 2018b; Liu et al., 2010). Generally, there are
few local wildfires in the northeastern United States; however, degradation of air quality in the
northeastern states is prevalent during the summer months (July — September) when transported
smoke-attributable total carbonaceous aerosol and PM2 s levels peak (O’Dell et al., 2021; Park et
al., 2007).
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Over the 7-year period
studied, the frequency of smoke-
influenced days did not significantly
change between 2010 and 2015
(Figure 2B). 45 £ 2% of the days
when cloud water was sampled
between 2010 and 2015 were
classified as having had smoke
influence. The summer of 2016 had a
significantly lower (t-test, p < 0.05)
percentage of smoke-influenced days
(29 £ 2%) compared to the previous
years in this study (Figure 2B).
During 2016 compared to the 2015
and 2017 summer seasons, Jaffe et al.
(2020) reported lower total United
States wildfire area burned, and
O’Dell et al. (2021) reported lower
smoke-attributable asthma emergency
visits in the northeastern United
States. Similarly, total number of fires
and area burned in Canada was lower
in 2016 compared to the 2015 and
2017 wildfire season (Tymstra et al.,
2020). All cloud water samples
collected in 2017 (n = 48) were
smoke-influenced, consistent with
previous analysis showing elevated
ozone, black carbon, and cloud water
potassium concentrations during
August 2017 at Whiteface Mountain
(Lance et al., 2020). Additionally,
PM2 5 concentrations were greater in
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Figure 2. Frequency of smoke influence on cloud water
collected at Whiteface Mountain, New York.
Percentage of days classified by their smoke influence
by month between 2010 to 2017 (a) and by year
considering the months of June to September (b). The
number (n) of cloud water samples per month (a) and
per year (b) are denoted under each category. Error bars
represent standard errors in frequency percentages and
were calculated assuming binomial distributions.

2017 for the western United States than in the previous decade (Xie et al., 2020) due to extreme
wildfire conditions in these states (Jaffe et al., 2020) and Canada (Matz et al., 2020). During
these large fire events, a substantial decline in air quality was observed throughout the United
States(Jaffe et al., 2020), consistent with the increase in smoke-influenced cloud water observed

here for 2017.

3.2. Cloud water composition during smoke influence

Cloud water inorganic ion concentrations, LWC, pH, and TOC concentrations, as well as
trace gas levels, were evaluated for differences among the smoke classifications using the

Kruskal-Wallis non-parametric test and Dunn’s post hoc pairwise comparison test, with the level
of significance set at p < 0.05 (95% confidence interval). The Kruskal-Wallis statistical test was

used to evaluate differences in the distributions between the three smoke classifications, because
the data observed were non-normally distributed. The non-normal distributions were mainly due
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to samples containing low ion concentrations, as shown in the boxplot distributions in Figures 3
and S2. Significant differences between the smoke classifications (high vs. low smoke
probability and moderate vs. low smoke probability) were observed for all measured inorganic
ion concentrations (SO4%, NOgs’, CI, Ca?*, Mg?*, Na*, K*, NH4*) and TOC concentrations, as
well as CO and O3 concentrations (Table S1, Figure 3, S2, and S3). In addition, significant
differences in the distributions for SO, and NO concentrations were observed between the high
and low smoke influence probabilities (Figure S3). For LWC, there was a significant difference
in the distribution between the moderate smoke probability category compared to the high and
low smoke probability categories, but no trend was observed between all three categories. The 7-
year summertime average for LWC in this study was similar to the 1994 — 1999 mean LWC at
Whiteface Mountain (0.57 g m (Baumgardner et al., 2003)). The lack of trend between the
LWC distributions supports the observed differences in inorganic ion concentrations between the
three smoke classifications not being caused by LWC differences (Aleksic & Dukett, 2010;
Khwaja et al., 1995; Li et al., 2020).

The pH distributions between the smoke categories were not statistically different and
displayed similar median and range of pH values (Table S1). The mean pH values (with the 95%
confidence intervals) for the high, moderate, and low smoke probability categories were 4.69 +
0.06, 4.68 + 0.08, and 4.72 £ 0.04, respectively. Cloud water mean pH values at this site have
steadily climbed from pH 4.0 to 4.7 since measurements began in 1994 (Aleksic et al., 2009;
Falconer & Falconer, 1980; Khwaja et al., 1995; Schwab et al., 2016); this increase is attributed
to decreases in SO2 and NOx emissions in the recent decades (Schwab et al., 2016).

Cloud water with a high probability of smoke influence had greater median and mean
inorganic ion concentrations compared to cloud water with a low probability of smoke influence,
for SO4%, NOg", CI, Ca®*, Mg?*, Na*, K*, and NH4* (Table S1, Figure 3 and S2). Cloud water
TOC followed the same trend patterns to the inorganic ions measured (Table S1 and Figure 3).
Previously, in southeast Asia, K*, NH4*, SO4%, and TOC were associated with biomass burning
influence in cloud water (Stahl et al., 2021). Similarly, Figure 3 shows boxplot distributions of
K*, NH4*, SO+%, and TOC with significant differences in their distributions, as determined by the
Kruskal-Wallis statistical test (p < 0.05, Table S1) for the high smoke probability compared to
the low smoke probability, as discussed below.

The mean potassium (K*) cloud water concentrations (with the 95% confidence intervals)
during the high, moderate, and low smoke probability conditions were 2.5 £ 0.4, 1.9 + 0.4, and
1.5+ 0.2 uM, respectively (Figure 3a). The 10th and 90th percentiles of the potassium
concentrations for cloud water samples classified as having a high smoke probability were 0.4
and 6.0 uM, respectively, compared to 0.1 and 3.3 pM, respectively, for the samples with a low
probability of smoke influence, further illustrating the impact of smoke influence on the cloud
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Figure 3. Boxplot distributions for (a) potassium (K*), (b) ammonium (NH4"), (c) sulfate
(SO4%), and (d) total organic carbon (TOC) concentrations per category of smoke influence
probability (high, moderate, and low). Boxplots represent the 25", 50", and 75™
percentiles, with whiskers representing the 10" and 90" percentiles. Average
concentrations per smoke category are marked as diamonds. Significant differences in the

distributions that met both the Kruskal-Wallis non-parametric and Dunn’s post hoc

pairwise comparison tests (p < 0.05) are annotated with an asterisk above the box plots.

water. The mean potassium concentration for the high smoke probability category was also
greater than the summertime mean measured at Whiteface Mountain from 1994 to 2006, with the
exception of 2003, which was characterized by higher concentrations of the majority of the
measured ions, compared to the surrounding years (Aleksic et al., 2009). The increase potassium
concentrations in cloud water for samples with a high probability of smoke influence is expected,
since potassium is an inorganic smoke marker that has been noted in previous cloud water
samples impacted by wildfire events (Cook et al., 2017; Stahl et al., 2021). Additional variations
in potassium concentration can also be due to mineral dust and agricultural sources (Straub et al.,

2012).
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Ammonium (NH4") and sulfate (SO4%) mean concentrations (with the 95% confidence
intervals) were approximately double for the high smoke probability category and ~1.6 times
greater for the moderate smoke probability category compared to the low smoke probability
category (140 £ 20 uM and 59 = 8 for high smoke probability samples, 100 + 20 uM and 48 £ 10
for moderate smoke probability samples, compared to 72 £ 7 uM and 37 + 3 for low smoke
probability samples, respectively) (Figure 3, Table S1). Historically, ammonium and sulfate
have been the dominant inorganic ion species measured in cloud water at Whiteface Mountain
and have been associated with air masses originating from polluted areas, especially from the
Midwest United States (Aleksic et al., 2009; Khwaja et al., 1995; Schwab et al., 2016). Further,
ammonium and sulfate-containing particles have been associated with biomass burning
emissions (Zhou et al., 2017), and observed in aged biomass burning particles (Pratt et al., 2010).
The ammonium and sulfate cloud water concentrations for the high smoke probability category
were within the same range as smoke-influenced cloud water at a site in Southeast Asia (Stahl et
al., 2021), but previous studies have noted that ammonium and sulfate concentrations vary
widely depending on meteorological conditions and regional influences (Hutchings et al., 2009;
Schwab et al., 2016). While the high and moderate smoke probability categories had similar 10"
percentile concentrations of ammonium (both 10 uM) and sulfate (both 5 uM), compared to the
low smoke probability category (7 uM and 3 uM, respectively), they were characterized by
higher 90" percentiles of ammonium (~300 puM for high and moderate smoke probability
categories compared to ~200 uM for the low smoke probability category), and SO4* (157, 120,
and 98 uM for high, moderate, and low smoke probability categories, respectively) (Figure 3).
This further shows that even with varying regional and meteorological conditions, air masses that
are mixed with smoke display increased cloud water concentrations of ammonium and sulfate,
on average.

TOC concentrations were also significantly higher for cloud water classified as having a
high smoke probability at Whiteface Mountain, compared to the low smoke probability (Figure
3d). The mean TOC concentrations (with the 95% confidence intervals) for the high, moderate,
and low smoke probability categories were 0.44 £ 0.05, 0.36 = 0.05, and 0.28 + 0.02 mM,
respectively. These average concentrations are in the range of previously reported wildfire-
influenced TOC concentrations in fog and cloud water in the United States (0.08 — 1 mM) ((Stahl
et al., 2021) and references therein). Further, the 90" percentile TOC concentration increased
between smoke categories (0.60, 0.74, and 0.91 mM for the low, moderate, and high smoke
probabilities, respectively). Note that TOC can be enhanced for reasons other than primary
smoke influence, including anthropogenic influence (Herckes et al., 2013; Kawamura &
Gagosian, 1987) and aqueous-phase secondary organic aerosol production in clouds (Blando &
Turpin, 2000; Chen et al., 2015; Gilardoni et al., 2016; Lee et al., 2012; Yuan et al., 2004).

Significant differences in the distributions of Oz, CO, SO, and NO between the smoke
conditions were observed at the summit of Whiteface Mountain (Figure S3). O3z, CO, and SO>
levels increased with increasing smoke probability, whereas NO decreased with increasing
smoke probability (low, moderate, and high). Both Oz and CO concentrations have been
associated with long-range transported smoke that impacted air quality hundreds of km away
from the fire source (Briggs et al., 2017; Dreessen et al., 2016; Rogers et al., 2020). Oz is an
important atmospheric oxidant that is often produced in smoke plumes during the daytime
(Akagi et al., 2013). Similarly, CO is produced during flaming combustion and is commonly
used to identify smoke plumes (Liu et al., 2017; Urbanski, 2013). SO is produced from
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anthropogenic and biomass burning emissions (Chuang et al., 2016) and is oxidized to form
sulfate, which can participate in brown carbon production in the aqueous phase (De Haan et al.,
2020). NO rapidly reacts in wildfire plumes to produce nitroaromatic compounds (Becidan et al.,
2007; Peng et al., 2021; Selimovic et al., 2020), and anthropogenic sources of NO can mix with
smoke plumes to increase Os levels (Jacob et al., 2010). Together, these trace gas trends give
greater confidence to the smoke classification used in this study and further show the influence
of the transport of wildfire smoke on air quality.

3.3. Case Studies: Smoke-Influenced Cloud Water Composition

Five smoke-influenced cloud water samples were selected for additional chemical and
physical analyses to further examine cloud water composition with smoke influence. While three
of these samples (C1, C2, C3) were classified as having a high probability of smoke influence
and two samples (C4, C5) having a low probability of smoke influence (Figure S1), their
chemical composition varied, with differences in: (i) inorganic ion concentrations, (ii) dissolved
organic carbon composition, (iii) insoluble particle size distributions and concentrations, and (iv)
UV-visible absorbance. The air masses for samples C1 and C4 traveled from the southerly
direction. Sample C1 was impacted by smoke originating in the southeastern United States,
whereas sample C4 did not have any influence from satellite detected smoke. Sample C2 crossed
over the Midwest United States and was influenced by fires in the Northwest Territories, Canada.
Samples C3 and C5 had air masses originating from the north crossing over or near Hudson Bay,
Canada C3 was influenced by regional smoke over Ottawa, Canada and New York State. Though
Figure S1 shows the air mass trajectory for sample C5 intersecting with the satellite-detected
smoke map, this sample encountered precipitation after the 12th hour along the backward air
mass trajectory; thus the 13 — 72 h of the air mass were not considered in the classification, as
described in Section 2.3. Of the five samples, samples C1 and C4 were also influenced by urban
emissions, since the air masses dipped below the modeled mixed (boundary) layer depth (MLD)
near several cities (population > 50,000), including Columbus, Ohio for C1 and Washington
D.C. for C4. The air mass for sample C2 also spent time in the atmospheric boundary layer, but
did not pass by any city with a population greater than 50,000. The air masses for the other two
case samples (C3 and C5) traveled primarily above the modeled MLD (Table S2).

3.3.1. Inorganic lon and TOC Concentrations

Table 1 lists the case samples’ collection dates, smoke classifications, inorganic ion
concentrations, pH values, and TOC concentrations. Samples C1, C2, and C3 were classified as
having a high probability of smoke influence, but had varying concentrations of inorganic ions.
Sulfate, ammonium, potassium, and TOC concentrations for sample C1 were near or greater than
the medians for the samples classified as having a high probability of smoke influence, as shown
in Figure 3. The C1 sample’s backward air mass trajectory traveled below the MLD above urban
areas before reaching the sampling site, and this urban influence likely also increased the
inorganic ion concentration (Hecobian et al., 2011; Straub et al., 2012). Sample C2 had all
measured inorganic ion and TOC concentrations below the 25th percentile for the high
probability smoke influence category. While the backward air mass trajectory overlapped with
the satellite-detected smoke 2 h before reaching the sampling site, classifying the sample as
having a high probability of smoke influence, it is possible that the air mass influencing the
cloud water at Whiteface Mountain did not intercept the smoke due to the low TOC, K*, NH4",
and SO4% concentrations. The lack of vertical resolution of the HMS fire and smoke product may
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Table 1. Summary of smoke probability classifications, sampling start times, inorganic ions
concentrations, pH, and TOC concentrations for selected cloud water samples collected at the
Whiteface Mountain Observatory. Values below the limits of detection are marked as “bdl”. All
samples were collected over a 12 h integration period.

Sample Smoke Sampling Start SOs# NOs CI Ca** Mg®* Na* K* NH2* TOC
ID Probability Time M) (M) (M) (M) (M) (M) (UM)  (UM) PH (mM)
C1 High 07/07/2015 18:00 65.7 374 3.0 9.1 3.4 3.7 3.7 1253 4.4 0.6
C2 High 08/16/2014 18:00 4.6 4.9 0.3 1.6 0.8 bdl 04 7.6 5.2 0.1
C3 High 08/18/2014 06:00 8.6 6.2 8.5 0.7 1.2 7.8 11 129 438 0.2
C4 Low 07/17/2015 18:00 19.3 195 15 6.7 1.9 15 0.5 434 47 0.2
C5 Low 07/21/2015 18:00 55 7.8 0.8 7.1 1.7 0.9 0.5 244 55 0.3

account for lower inorganic ion concentrations compared to its smoke category, as the air mass
altitude may not have intersected the smoke altitude. Sample C3 had lower inorganic ion
concentrations (between the 10" and 50" percentiles) compared to samples with a high
probability of smoke, except for chloride (CI") and (Na*), potentially sourced from sea spray
aerosol from Hudson Bay (May et al., 2018). Samples C4 and C5 were classified as having a low
probability of smoke influence. Sample C4 had all inorganic ion concentrations between the 25th
and 50th percentiles for the low smoke probability category. Sample C5 had inorganic ion
concentrations below or near the median for low smoke probability samples. The air mass for
sample C5 primarily stayed above the MLD and encountered precipitation during transport, likely
contributing to the low inorganic ion concentrations observed.

3.3.2. Dissolved Organic Carbon Composition

Concentrations of smoke-related organic compounds (levoglucosan, mannosan, and
galactosan, measured by HPAEC-PAD, and oxalate, measured by ion chromatography) were
used to further examine biomass burning influence. Concentrations of other relevant organic
carbon compounds are listed in Table S3. Figure 4 shows the concentrations of measured
carbohydrates and organic acids, as well as the ratio of all measured organic carbon compounds
relative to the measured TOC concentration (Table 1). This ratio was highest for sample C3
(0.38 £ 0.03). Sample C3 was classified as having a high probability of smoke influence, with
fire hotspots identified by the HMS Smoke and Fire product near New York State and Ottawa,
ON, Canada. Despite having lower inorganic ion concentrations (Table 1), Sample C3 was
characterized by an air mass that remained above the MLD, suggesting in-cloud dissolution and
production of organic compounds, as evident by carboxylic acids (acetate, formate, glutarate,
succinate, and oxalate) contributing to 60% of the measured organic compounds (Figure 4).
Samples C1 and C4 had the lowest amounts of measured carbohydrates relative to the measured
TOC (0.03 and 0.05, respectively), suggesting greater OC influence from non-smoke sources,
including urban emissions, consistent with the backward air mass trajectory dipping below the
MLD less than one day before reaching the sampling site. All five cloud water case samples had
measurable concentrations of levoglucosan (0.02 — 0.09 uM, Table S3), which is a common
smoke aerosol tracer (Fabbri et al., 2009; Simoneit et al., 1999; Sullivan et al., 2011a) produced
from the
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Figure 4. Contributions of carbohydrates measured by HPAEC-PAD and organic acids
measured by ion chromatography (left axis) for the five cloud water case samples. Diamond
markers represent the ratio of the sum of the carbohydrates and organic acids to the total organic
carbon (TOC) concentrations (right axis). Samples C1, C2, and C3 were classified as having a
high probability of smoke influence, while samples C4 and C5 were classified as having a low
probability of smoke influence.

pyrolysis of wood during biomass burning. Concentrations of mannosan and galactosan, isomers
of levoglucosan that are also released during biomass burning events (Engling et al., 2009;
Fabbri et al., 2009; Gao et al., 2003; Urban et al., 2014), ranged from 0.12 to 0.74 uM,
respectively (Table S3). No trends in levoglucosan, mannosan, and galactosan concentrations
were observed between the smoke categories. However, samples C1 (high smoke probability)
and C4 (low smoke probability), which both had their air masses mix below the modeled MLD,
did not have detectable concentrations of mannosan and only contained 0.04 uM levoglucosan.
Yet, sample C1 featured the highest potassium concentration of the case samples (Table S3),
supporting smoke influence (Section 3.3.1). However, levoglucosan degrades during
atmospheric transport (Bai et al., 2013; Hennigan et al., 2010; Hoffmann et al., 2010; Tomaz et
al., 2018; Yang et al., 2020; Zhao et al., 2014), which may have reduced levoglucosan
concentrations.

To examine the influence of cloud processing on the cloud water case samples, oxalate
concentrations were compared between the cloud water case samples. All 5 case samples had
oxalate as one of its most abundant measured organic acids. The presence of oxalate is linked to
cloud processing due to its aqueous fanormation mechanism (Ervens et al., 2004; Li et al., 2020;
Sorooshian et al., 2015; Sorooshian et al., 2013). Mass ratios of oxalate:sulfate in cloud droplet
residual particles have been observed between 0.01 — 0.23, with larger ratios associated with
aqueous phase processing occurring at higher cloud altitudes (Hilario et al., 2021; Wonaschuetz

This article is protected by copyright. All rights reserved.



et al., 2012). Air masses for samples C2, C3, and C5 spent time aloft (Table S2), allowing more
time for particles to chemically process in the aqueous-phase, resulting in larger oxalate:sulfate
ratios (Wonaschuetz et al., 2012) (Table 1 and S3 0.08 — 0.18), compared to samples C1 and C4
(0.04 and 0.06, respectively) which spent more time within the MLD. Additional discussion on
the cloud processing markers succinate, formate, acetate, and methanesulfonate is included in the
supplemental information.

3.3.3. Insoluble Residual Particle Concentrations

Soluble components of CCN can dissolve in cloud droplets (Chan et al., 2008; Petters et
al., 2009a), but not all CCN material is soluble (McFiggans et al., 2006). For example, fresh
biomass burning particles can contain poorly soluble organic and black carbon internally mixed
with soluble potassium salts (Reid et al., 2005). Further, insoluble soot released from biomass
burning is generally a poor CCN (Aquila et al., 2011; Giebl et al., 2002), but can become CCN
active as secondary species (e.g., ammonium sulfate and ammonium nitrate) condense onto
insoluble particles creating a soluble coating (Aquila et al., 2011; Ervens et al., 2010; Furutani et
al., 2008; Khalizov et al., 2009; Leskinen et al., 2007; Petzold et al., 2005). Previous cloud and
fog water studies suggest 77 to 94% of TOC is soluble, with uptake of soluble gases (e.qg.,
carboxylic acids and carbonyls) contributing to higher soluble organic carbon fractions (Gioda et
al., 2008; Herckes et al., 2013; Paulot et al., 2011; Yu, 2000). To our knowledge, this is the first
study to measure the size distributions of insoluble residual particles in cloud water.

Figure 5 shows the submicron size distributions for the insoluble cloud water residual
particles in the four smoke-influenced samples measured with NTA. Samples C2 and C5 had
smaller particle concentrations (0.60 (* 0.03) x 108 particles mL™ and 1.01 (+ 0.04) x 108
particles mL™2, respectively) with larger average mode diameters (185 + 14 and 247 + 20 nm,
respectively). Samples C2 and C5 were characterized by air masses that primarily stayed above
the MLD before arriving to the
sampling site, likely contributing to the

wd
o

——C1 0710772015 Ic_Jwer insoluble particle concentr_atlor)s,
——C4 07/17/2015 since aerosol number concentrations in
P N -C507/21/2015 | the free troposphere are lower than
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(1.49 (+ 0.06) x 108 particles mL1) and the second smallest mode diameter (142 + 9 nm). These
results suggest the urban air masses influencing sample C1 and C4 contained insoluble material
made of smaller and less aged particles with lower hygroscopicity. The higher insoluble particle
concentrations for sample C1 and C4 reflect the greater boundary layer influence, with likely
contributions from biomass burning (Li, 2019; Petters et al., 2009a), and anthropogenic
emissions (Ervens et al., 2010; Hudson, 1991; Roberts et al., 2006).

To further highlight the smoke and urban influences on cloud water composition, UV-
visible absorbance spectra between 300 and 600 nm were measured for samples C1 and C4,
showing decreasing absorptivity with increasing wavelength (Figure S4). The mass absorption
coefficient averaged between 360 nm and 370 nm (MACzes) and AAE values were calculated to
investigate the presence of radiation absorbing compounds in these cloud water samples at
Whiteface Mountain. The calculated MAC3gs values for C1 and C4 were 0.046 + 0.001 and
0.061 + 0.001 m? g%, respectively (Table S2). These values are two to ten times lower than
absorbance measurements of biomass burning organic aerosols extracted from filter samples (Di
Lorenzo et al., 2017; Gilardoni et al., 2020; Srinivas & Sarin, 2013) and online measurements
from a Particle-Into-Liquid Sampler (Hecobian et al., 2010; Zhang et al., 2011). The
corresponding AAE values for samples C1 and C4 were 9 and 8, respectively. The cloud water
AAE values were most similar to particle samples with biomass burning influences collected
near India (9 £ 3, Srinivas and Sarin (2013)) and in the southeastern United States (~7 £ 1,
Hecobian et al. (2010)). While only two cloud water samples had sufficient volume to measure
absorptivity, the MACses and AAE values support the presence of brown carbon absorbing
compounds in the cloud water.

4 Conclusions

In this multiyear (2010 — 2017) study, 1338 cloud water samples were collected in the
summer months of June to September at Whiteface Mountain, New York. To classify cloud
water samples by the probability of smoke influence, 72 h backward air mass trajectories were
modeled for each sample and compared to satellite-derived smoke maps. Of the 485 days when
cloud water was collected, 49 + 3% were classified as having a moderate to high probability of
smoke influence. Cloud water collected from June through August were more likely to be
smoke-influenced (51 + 6%, 59 + 6%, and 48 + 5%, respectively) compared to cloud water
collected in September (34 £ 5%). The frequency of smoke-influenced cloud water was lower in
years that had fewer wildfires (e.g., 2016) compared to years that had increased wildfire activity
(e.g., 2017). It is likely that smoke influence on the cloud water will increase in future years as
wildfires increase in frequency and severity (Jolly et al., 2015; McClure & Jaffe, 2018; O’Dell et
al., 2019). Thus it is imperative that future studies investigate how wildfire smoke impacts
aerosol-cloud interactions.

Relying on modeled air mass trajectories and satellite-derived smoke maps to determine
smoke influence has inherent uncertainties that may misclassify air masses and cloud water
samples. The classification system for differentiating the probability of smoke influence relied
on the HMS Fire and Smoke Product, which only provides the horizontal spatial mapping of
smoke plumes without identifying the age or altitude of smoke plumes (Brey et al., 2018b). In
addition, backward air mass trajectories have spatial uncertainties, especially with increasing
length of time and distance from the starting location. Yet, this methodology showed trends in
cloud water composition consistent with smoke influence, as shown in previous air quality
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studies using the same methodology (Brey et al., 2018b; O’Dell et al., 2019). Future work is
needed to develop widely accessible methodologies to identify smoke plumes spatially,
vertically, and by age for long-term monitoring studies.

Cloud water composition varied between smoke classifications. Significant differences
between smoke classifications were observed for ozone, carbon monoxide, inorganic ion
concentrations, and TOC. Enhanced concentrations of ozone and carbon monoxide have been
associated with the presence of long-range transported smoke (Jaffe & Wigder, 2012; Selimovic
et al., 2020), impacting regional air quality and climate far from the fire source (Briggs et al.,
2017; Dreessen et al., 2016; Rogers et al., 2020). Specifically, cloud water samples with high
probability of smoke influence showed significantly higher concentrations compared to samples
with a low probability of smoke influence for K*, SO4%, NH4*, and TOC, all of which have been
previously identified in cloud water influenced by biomass burning events (Budhavant et al.,
2014; Stahl et al., 2021). Previous wildfire influenced cloud water studies have suggested that
the TOC composition may contain carbonyls, carboxylic acids, nitrogen-containing compounds,
oligomeric species, and light absorbing secondary organic aerosols formed within clouds (Cook
etal., 2017; Li et al., 2020; Schurman et al., 2018; Sun et al., 2021; Tomaz et al., 2018). These
results suggest long-range transported smoke frequently alters the chemical composition of cloud
water at Whiteface Mountain. Further work is needed to investigate the molecular composition
of wildfire-influenced cloud water and to distinguish primary organic compounds emitted
directly from secondary products, including those formed within cloud droplets.

Case samples were selected to further examine the properties and composition of smoke-
influenced cloud water samples. All five case study samples (three classified as having a high
probability of smoke influence and two classified as having a low smoke probability) contained
low concentrations of levoglucosan (0.2 — 0.9 uM), a common tracer for biomass burning, with
degradation of levoglucosan during transport likely influencing the levels. The case study
samples highlighted the influence of backward air mass trajectories on cloud water composition.
Regardless of smoke classification, samples featuring air masses transiting within the
atmospheric boundary layer, particularly over urban areas, had higher sulfate and nitrate
concentrations and higher insoluble particle concentrations, with smaller mode diameters,
compared to cloud water samples with air masses that remained aloft during transport. In
comparison, the samples that had their air masses remain aloft during transport contained greater
concentrations of cloud processed organic acids such as oxalate. Two case samples, with
differing probabilities of smoke influence, had sufficient volume to measure UV absorbing
compounds. Previous studies have suggested that concentrations of UV-visible absorbing
compounds in cloud water, whether partitioned into or produced in the aqueous-phase, increases
as biomass burning aerosols age (Desyaterik et al., 2013; Di Lorenzo et al., 2017; Hawkins et al.,
2018; Hecobian et al., 2010; Hems et al., 2020; Hems et al., 2021; Zhang et al., 2011). The
absorbing compounds could include humic-like substances (HULIS), aromatic compounds, high
molecular weight molecules, and nitrophenol derivatives that are present in brown carbon
(Desyaterik et al., 2013; Di Lorenzo et al., 2017; Hawkins et al., 2018; Hecobian et al., 2010;
Hems et al., 2020; Hems et al., 2021; Zhang et al., 2011). The two samples were additionally
influenced by urban emissions and had measurable MACses and AAE values, showing the
presence of radiation absorbing compounds. These results motivate further studies to investigate
how smoke and urban air masses mix to jointly impact cloud composition. Further work is also
needed to investigate cloud water composition influenced by smoke and the impacts on cloud
radiative and microphysical properties as smoke particles undergo cloud processing, particularly
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in the context of increasing wildfires (Flannigan et al., 2013; Jolly et al., 2015; Westerling,
2016).
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