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Abstract. Clouds facilitate the transformation of atmospheric gases and particles, yet the impact of cloud processing on organic

compounds remains poorly understood due to the paucity of routine measurements within aqueous samples (e.g., cloud water

and precipitation). This study presents seven years (2018-2024) of routine summertime measurements of three major Low

Molecular Weight Organic Acids (LMWOA: formate, acetate and oxalate) in cloud water samples collected from the summit

of Whiteface Mountain in the northeastern United States, including their contributions to Dissolved Organic Carbon (DOC), ion5

balance, and cloud water acidity, with critical evaluation of sample handling procedures to minimize volatilization, microbial

degradation and contamination. Formate and acetate were the dominant monocarboxylic acids, exhibiting seasonal variability

consistent with changes in biogenic emissions, whereas oxalate showed higher concentrations in smoke-impacted clouds. A

growing fraction of samples exhibit surplus ammonium relative to sulfate and nitrate concentrations, which previous research

hypothesized results from unmeasured organic acids, consistent with the positive relationship between surplus ammonium10

and LMWOA concentrations observed in the current study. An observed correlation between oxalate and DOC, with higher

slope at higher ozone concentrations, supports enhanced in-cloud secondary production of oxalate under high oxidant levels.

A comparison of "Aged" versus "Fresh" wildfire smoke-influenced samples suggest that aging can enhance ammonium, with

heavier organic acids dominating the DOC pool and acidity, whereas fresh plumes were primarily influenced by directly emitted

LMWOA. This study highlights the need for continued monitoring of the evolving cloud water chemistry to better understand15

the broader impacts on atmospheric chemistry.

1



1 Introduction

Cloud water plays a major role in atmospheric chemistry by providing a medium for aqueous phase chemical reactions

that transform the chemical composition of particles and gases, contributing to the formation of secondary organic aerosols

:::::
(SOA)(Ervens et al., 2014). These processes can alter aerosol chemistry, cloud microphysics and the Earth’s radiation budget.20

:::::::
Aqueous

:::::::::
processing

:::
of

:::::::
organics

::::::
within

:::::::
aerosol

:::::
liquid

:::::
water

:::
has

::::
also

:::::
been

::::::
shown

::
to

:::::::
enhance

:::::
SOA

:::::::::
formation

:::::
under

::::::
humid

::::::::
conditions

:::
in

:::::
urban

::::
field

::::::
studies

::::::::::::::::::::::::::::::::
(Duan et al., 2021; Rogers et al., 2025)

:
. While gas phase chemistry dominates in clear sky

conditions, clouds enable unique multiphase reactions where gases and particles can get scavenged, dissolved, and interact

(Barth et al., 2000). In-cloud oxidation of sulfur dioxide and nitrogen oxide into sulfate and nitrate leads to acid rain formation,

damaging regional air quality and ecosystem (Husain et al., 1991; Rattigan et al., 2001).25

Inorganic compounds of cloud water such as sulfate, nitrate, and ammonium have been extensively studied due to their

contribution to acid rain and haze formation (Hand et al., 2012)
::::::::::::::::::::::::::::::::
(Hayden et al., 2008; Hand et al., 2012). In contrast, organic

compounds remain less understood. Total organic carbon (TOC) is often used as a bulk measurement of organic compounds

in cloud water. The CPOC pilot study from Whiteface Mountain (WFM) in 2017 revealed that organic matter dominates the

chemical composition of particulate matter (Zhang et al., 2019). The same
:
,
::::::::
consistent

::::
with

::::::::
evidence

:::::
from

::::::
another

:::::::
remote30

::::::::
mountain

:::
top

::::::::::
atmospheric

:::::::
research

::::::
station

::
at
::::
Puy

:::
de

:::::
Dôme

::::::
(PUY)

::::::
France

::::::::::::::::
(Chen et al., 2022),

::
a

:::
key

::::::::
long-term

::::::::::::
measurement

:::
site

::
in

:::::::
Europe

:::::
where

:::::
cloud

:::::::::
processes

:::
and

:::::::::::
atmospheric

::::::::::
composition

:::
are

:::::::
studied

::::::::::::::::
(Baray et al., 2020)

:
.
:::
The

::::::
CPOC

:::::
pilot study

also established that long-range transported wildfire smoke was efficiently scavenged by clouds to
:
at
:

WFM, highlighting the

critical role of aqueous processes in shaping both aerosol and cloud water chemistry (Lance et al., 2020). Lee et al. (2022)

assessed the influence of wildfire smoke on TOC concentrations at WFM. However, their results were based on a subset of35

cloud water samples that fulfilled the traditional
:
a
:::::::::
traditional

::::::::
inorganic

:
ion balance criteria, thereby ignoring a major frac-

tion of samples that could be more relevant to
:::
with

:
elevated TOC levels, as shown in the following study . A

:::::::
discussed

:::
in

:
a
::::::::::
subsequent

:::::
study

:::
that

:::::::
showed

:::::
TOC

::::::::
correlates

::::::::
strongly

::::
with

::::::::
inorganic

::::
ion

:::::::::
imbalance

:::::::::::::::::::
(Lawrence et al., 2023).

:::::
This

:
long-

term cloud water observation study from WFM focused on trends in inorganic anions, like declining sulfate and nitrate ions,

:::
also

:
reported an increasing trend in TOC concentrations over the past several years, which correlated with increasing ion40

imbalance in the samples (Lawrence et al., 2023).This TOC trend could
:::::
decade

::::::::::::::::::::
(Lawrence et al., 2023).

::
A
:::::::

similar
::::
trend

:::
in

::::::::
dissolved

::::::
organic

::::::
matter

:::
has

::::
been

:::::::
reported

::
in
:::::::::::
precipitation

:::::::
samples

::::::::
collected

::
at

:::::::
Hubbard

::::::
Brook

:::::::::::
Experimental

::::::
Forest,

:::::::
another

::::::::::
northeastern

::::
U.S.

:::
site

:::::::::::::::::
(Green et al., 2025).

::::
This

::::::
rising

::::::
organic

::::::
carbon

:::::
trend

::::
may

:
be driven by a

:::::::::::
combination

::
of

::::::
factors

:::::
such

::
as increasing local biogenic emissions (Lance et al., 2025) or

::::
from

:::::
forest

:::::::::::::
photosynthesis

::
or

::::
heat

:::::
stress

:::::::::
responses,

:::::::::
increasing

:::::::::
prevalence

::
of

:::::::
wildfire

::::::
smoke

::::::
events,

:::::
shifts

:::
in

::::::::::
atmospheric

:::::::::
oxidation

::::::::
chemistry

::::
due

::
to

:::::::::
declining

:::::
NOx,

::
or

:
a shift in cloud45

water pH after
::
pH

::::::::
following

::::::::::::::
implementation

::
of

:
the Clean Air Act (CAA), which can

::::
could

:
promote the partitioning of or-

ganic compounds into the aqueous phase (Lawrence et al., 2023). Previous studies from another high-elevation site, Puy de

Dôme, located in France,
:::::::::::::::::::::::::::::::::::::::::::::::::
(Lawrence et al., 2023; Lance et al., 2025; Green et al., 2025).

:::::::
Studies

::::
from

:::::
PUY indicate that TOC

concentrations can vary widely in cloud water
:::
can

::::
vary

::::::
widely, with a significant contribution from pollution driven by anthro-

pogenic activities (Deguillaume et al., 2014).
::::::::
emissions

:::::::::::::::::::::
(Deguillaume et al., 2014)

:
.
::::::
Similar

::::::::
chemical

:::::::::
variability

::
in

:::::
cloud

::::
and50
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:::
fog

:::::
water

::::::::::
composition

:::
has

::::
also

::::
been

::::::::
observed

::
at

::::
other

:::::::::::
mountaintop

::::
sites

::
in

:::
the

:::::
Swiss

::::
Alps

::::::::::::::::::
(Michna et al., 2015),

:::
Mt.

::::::::
Brocken

::
in

::::::::
Germany

:::::::::::::::::
(Plessow et al., 2001)

:
,
:::
Mt.

:::::::
Taishan

::::::::::::::::
(Wang et al., 2011)

:::
and

::::
Mt.

::
Lu

:::::::::::::::
(Sun et al., 2015)

::
in

::::::
China,

::
all

:::
of

:::::
which

:::::
show

:::::
strong

::::::::
influence

:::::
from

:::::::::
long-range

::::::::::
transported

:::::::::
pollution,

::::
dust

::::
and

:::::::
regional

:::::::::
emissions.

:
However, TOC measurements alone

are insufficient for understanding the source, transformation, and chemical reactivity of organic compounds in cloud water

(van Pinxteren et al., 2016). Therefore, molecular-level
::::::::::::
Molecular-level

:
analysis of organic species is necessary to address the55

diversity of this huge fraction of organic compounds undergoing secondary processing in the aqueous phase and to understand

the partitioning between dissolved and particulate phases (Herckes et al., 2013)
:::::::::::::::::::::::::::::::
(Lim et al., 2010; Herckes et al., 2013).

Among the diverse organic species in cloud water, organic acids represent a dominant and chemically reactive subset ,

influencing aerosol-cloud interactions (van Pinxteren et al., 2016). Low molecular weight organic acids accounted for 22%

of acidity and 7-15% of Dissolved Organic Carbon (DOC) at WFM in 1987 (Khwaja et al., 1995). Research from Puy de60

Dôme showed that organic acids can contribute significantly to cloud water ionic composition, more than 20% in clean

air masses (Marinoni et al., 2004).
:::::::::::::::::::::::::::::::::::::::::::::::::::
(Khwaja, 1995; Marinoni et al., 2004; van Pinxteren et al., 2016)

:
.
:
The C1 −C4 monocar-

boxylic (formic, acetic, pyruvic, lactic, glyoxylic, butyric acids) and dicarboxylic (oxalic, malonic, succinic, malic and glutaric

acids) organic acids represent a group of low molecular weight organic acids identified in cloud water by several studies as

discussed below, whereas C6 or higher are considered higher molecular weight organic acids. Photochemical oxidation of Bio-65

genic Volatile Organic Compounds (BVOC) significantly contributes to the formation of formic and acetic acids in the aqueous

phase (Chebbi and Carlier, 1996). Oxalic acid has been shown to be the most abundant dicarboxylic acid, followed by malonic

and succinic acids, which are primarily formed through photochemical reactions from both natural and anthropogenic sources

(Grosjean et al., 1978; Hatakeyama et al., 1987; Kawamura and Ikushima, 1993; Khwaja, 1995; Kawamura and Bikkina, 2016; Cong et al., 2015)

.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Grosjean et al., 1978; Hatakeyama et al., 1987; Kawamura and Ikushima, 1993; Khwaja, 1995; Cong et al., 2015; Kawamura and Bikkina, 2016)70

:
.
::
In

:
a
:::::::
seminal

::::
1995

:::::
study

::
at

::::::
WFM,

:::
low

:::::::::
molecular

::::::
weight

::::::
organic

:::::
acids

:::::::::
accounted

::
for

:::::
22%

::
of

::::::
acidity

:::
and

::::::
7-15%

::
of

:::::::::
Dissolved

::::::
Organic

:::::::
Carbon

::::::
(DOC)

:::::::::::::::::
(Khwaja et al., 1995)

:
,
:::
and

:::::::
organic

:::::
acids

::::
have

:::::::::
previously

::::
been

::::::
shown

::
to

:::::::::
contribute

::::
more

::::
than

:::::
20%

::
to

::::
cloud

:::::
water

:::::
ionic

::::::
content

::
at
:::::
PUY

:::::::::::::::::::
(Marinoni et al., 2004).

:
Secondary processes, including aqueous phase transformation such

as oxidation, hydration, metal-catalyzed reaction, and oligomerization of precursors like glyoxal and methylglyoxal formed by

gas phase oxidation, lead to the formation of di and oxy carboxylic
::
di-

::::
and

::::::::::::
oxy-carboxylic

:
acids in cloud droplets (Carlton75

et al., 2007; Altieri et al., 2008; Yang et al., 2008; Tan et al., 2010). The complex interplay of chemical reactions and atmo-

spheric conditions during long-range transport influences the partitioning of organic acids (Zhao and Gao, 2008; Carlton et al.,

2009; Paulot et al., 2011; Eugene et al., 2018).

Although organic
:::::::
Organic acids have been measured for short durations in cloud and fog water samples from high elevation

remote sites, including at WFM (Khwaja et al., 1995; Deguillaume et al., 2014; Sagona et al., 2014; van Pinxteren et al., 2016; Lee et al., 2022; Cook et al., 2017)80

,
::::
such

::
as

::::
PUY

:::::::::::::::::::::::::::::::::::::::::::
(Deguillaume et al., 2014; van Pinxteren et al., 2016),

:::::
WFM

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Khwaja et al., 1995; Sagona et al., 2014; Lee et al., 2022; Cook et al., 2017)

:
,
:::
East

:::::
peak

::
in

::::::
Puerto

::::
Rico

::::::::::::::::
(Gioda et al., 2011)

:
,
:::
Mt.

::::
Fuji

::
in

:::::
Japan

::::::::::::::::::
(Kunwar et al., 2019),

::::
Mt.

::::
Hua

::
in

:::::
China

::::::::::::::::
(Shen et al., 2024)

:::
and

:::
Mt.

:::
Tai

::::
Mo

::::
Shan

::
in

:::::
Hong

:::::
Kong

::::::::::::::::::::::::::::
(Zhao et al., 2019; Li et al., 2020).

:::::::::
However, routine monitoring of organic acids remain

::::::
remains

:
a challenge due to their chemical instability, low concentrations, volatility, and possible microbial degradation, in addi-

tion to analytical limitations like co-elution with inorganic and other organic analytes. Sampling conditions such as temperature85
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can
::::
may also influence organic acid levels via: 1) Microbial degradation (Amato et al., 2007; Nuñez López et al., 2024), and

2) volatilization of formic and acetic
:::::
some

::::::
organic

:
acids (Tao and Murphy, 2019), especially at low cloud water pH. Hence,

meticulous handling of samples is needed from collection time
::
the

::::
time

::
of

:::::::::
collection to analysis, making it challenging to add

organic acids to the suite of routine measurements.

Despite the challenges associated with routine
::::::
Despite

:::
the

:::::
many

:::::::::
associated

:::::::::
challenges,

::::::
studies

::::
have

::::::::::
emphasized

:::
the

::::
need

:::
for90

::::::::
additional

:::::
cloud

:::::
water organic acid measurements, many studies have emphasized the importance of aqueous phase reactions in

Secondary Organic Aerosol (SOA ) formation (Hennigan et al., 2009, 2015; Ervens et al., 2011; Kim et al., 2019; Sun et al., 2024)

, for which organic acids may play an important role. At WFM, the
:
to

:::::
better

::::::::
constrain

:::
the

:::::::::
multiphase

::::::::
chemical

::::::::
processes

::::::
driving

:::::::
aqueous

::::
SOA

::::::::
formation

::::
and

:::::
aging

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Ervens et al., 2011; Hennigan et al., 2015; Barth et al., 2021; Liu et al., 2021).

:

:::::::
Growing

::::::::
evidence

:::::::
suggests

:::
that

:::::::
aqueous

:::::::
organic

:::
and

:::::::
reactive

:::::::
nitrogen

::::::::
chemistry

:::
are

:::::
linked

:::::::::::::::::::::::::::
(Xu et al., 2020; Lv et al., 2022)95

:
.
:::::::
Organic

::::
acids

::::::::
influence

:::::::::
NH3/NH+

4::::::::::
partitioning

::::
and

::::::
aerosol

::::::
acidity

:::::::::::::::::::::::::::::::::::::::
(Hennigan et al., 2015; Tao and Murphy, 2019),

:::
as

::::
well

::
as

:::
pH

::::::::
buffering

:::
in

::::::::::
moderately

:::::
acidic

::::::::
droplets

:::::::::::::::::
(Zheng et al., 2023b)

:
.
:::::::::::::::::
Nitrogen-containing

:::::::
organic

::::::::::
compounds

::::::::
comprise

::
a

:::::
major

:::::::
fraction

::
of

::::::::
dissolved

:::::::
organic

::::::
matter

::
in

:::::
cloud

::::::
water

::::::::::::::::::::::::::::::::
(Cook et al., 2017; Bianco et al., 2019),

::::
with

:::
as

:::::
much

::
as

::::
half

:::
of

:::::::
detected

::::::
organic

:::::::::
molecules

:::::::::
classified

::
as

::::::
CHON

::::::
within

::::::
cloud

:::::
water

:::::::
samples

::
at

::
a
::::::::
mountain

:::
top

::::
site

::
in
:::::::::::

southeastern
::::::
China

::::::::::::::
(Shu et al., 2025).

::::::::::
Enrichment

::
of

:::::
CHN

:::
and

::::::
CHON

::::::::::
compounds

:::
has

::::
been

:::::::
directly

:::::
linked

::
to

:::::::
aqueous

:::::::::
processing

::
in

::::::
several

::::::
studies100

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Boone et al., 2015; Kim et al., 2019; Mattsson et al., 2025; Kuang et al., 2025; Jin et al., 2025)

:
.
::::
Lab

::::::
studies

::::
have

::::::
shown

::::
that

::::::::
dissolved

::::
NH3 ::::

may
::::
react

::::
with

::::::::
carbonyls

::
to

::::
form

::::::::::::::::
nitrogen-containing

:::::::
organic

:::::::::
compounds

:::
like

::::::::::
imidazoles,

::::
with

:::::
faster

:::::::::
production

:::::::
observed

::
in

:::::
small,

:::::::::::
concentrated

:::::
and/or

::::::::::
evaporating

:::::::
droplets

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(De Haan et al., 2011; Lee et al., 2013; De Haan et al., 2020; Marracci and Murray, 2025)

:
.
::::::::
However,

:::::
Boreal

:::::::
wildfire

:::::
smoke

:::::::
plumes

::::
have

:::
also

::::::
shown

::::::::
increased

:::::::::::
contributions

::
of

::::::
CHON

:::::::::
compounds

::::
with

:::::
aging

:::::::::::::::
(Ditto et al., 2021)

:
,
::::::::::
presumably

::
in

:::
the

:::::::
absence

:::
of

::::::
clouds

:::::::
(though

:::::::
relative

::::::::
humidity

::::
and

::::::
aerosol

::::::
liquid

:::::
water

:::::::
content

::::
were

::::
not

::::::::
discussed

:::
in105

:::
that

::::::
paper).

:::::::::
Likewise,

:::::::::::::
organo-nitrogen

:::::::::
production

::::
has

::::
been

::::::::
observed

::
in

::::::::
chamber

::::::::::
experiments

::::
held

::
at

::::
50%

:::::::
relative

::::::::
humidity

:::::::::::::
Liu et al. (2015),

::::
and

:::::
NO−

3 :::::
BVOC

:::::::::
oxidation

:::
can

::
be

::
an

:::::::
efficient

:::::::::
nighttime

:::::
source

::
of

::::::::::::
organonitrates

:::::
under

:::::::::
cloud-free

:::::::::
conditions

::::::::::::::::::::::::::::
(Slade et al., 2019; Ng et al., 2017)

:
,
::::::::
indicating

::::
that

:::::::
aqueous

:::::::::
processes

::::
may

:::
not

::::::
always

:::
be

:::::::
required

:::
for

:::::::::
secondary

:::::::::
formation

::
of

::::::
CHON

::::::::::
compounds.

:::::
Thus,

::::
the

:::
role

:::
of

:::::::
reactive

:::::::
nitrogen

::
in

:::::::
aqueous

:::::
SOA

::::::::
formation

::::
can

::
be

::::::::
complex,

::::::::::
potentially

::::::::
involving

::::::::
competing

::::::::::
multiphase

::::::::::
mechanisms,

::::
and

:::::::
different

::::::::
outcomes

::::
may

::
be

:::::::
expected

:::
for

::::::
clouds

::::::::
influenced

:::
by

::::::
wildfire

:::::::
smoke,

:::::::::
agricultural110

::::::::
emissions

:::::
and/or

:::::::
varying

::::::::
mixtures

::
of

:::::::
biogenic

::::
and

:::::::::::
anthropogenic

::::::::::
precursors.

::
In

:::::
cloud

:::::
water

::
at

::::::
WFM,

:::::::::
substantial

::::::::
long-term

::::::::
changes

::
in

::::
both

::::::
organic

::::
and

::::::::
inorganic

:::::
solute

:::::::::::::
concentrations

::::
have

::::::::
occurred

::::::::::::
simultaneously.

::::
The

::::::
strong

:
correlation between TOC and

::::::::
inorganic ion imbalance suggests that organic acids comprise a

significant fraction of the growing abundance of missing
:::::
major

:::
and

:::::::
growing

:::::::
fraction

::
of

:
anions (Lawrence et al., 2023), high-

lighting a critical need for long-term organic acid datasets
:::::::::::
measurements

:::
of

::::::
organic

:::::
acids

::::::::
alongside

::::::::::::
measurements

::
of

::::::::
inorganic115

:::
ions. The only previous published measurements of formic, acetic, and oxalic acids at WFM come from three cloud events

sampled in summer 1987 (Khwaja et al., 1995), leaving a critical gap in understanding their role in cloud chemistry under

the new chemical regime post-CAA. This lack of long-term organic acid datasets limits models from accurately predicting

their concentrations. Current simulations tend to underestimate organic acid levels (Barth et al., 2021; Lawrence et al., 2024),

4



especially in polluted conditions, suggesting that key factors controlling essential sources, formation pathways, and removal120

processes of organic acids are inadequately represented in model parameterizations.

This study presents a seven-year study of summertime cloud water formate, acetate, and oxalate concentrations (the deproto-

nated ions of formic, acetic, and oxalic acids), representing the first routine long-term measurements of Low Molecular Weight

Organic Acids (LMWOA) in cloud water at a remote high elevation site, to our knowledge. The semi-automated cloud water

collection system used in this study significantly increases the capacity of cloud events sampled, in contrast to an intensive125

previous study of LMWOA in cloud water from this site for three cloud events in 1987 (Khwaja et al., 1995). Hence, this study

offers deeper insight into seasonal patterns and episodic wildfire smoke events influencing cloud water composition, especially

LMWOA concentrations, addressing a critical need
::
an

::::::::
important

::::::::::
knowledge

:::
gap.

2 Methods

2.1 Site Description130

Whiteface Mountain (WFM) Atmospheric Research Observatory, located in the remote high peaks regions of upstate New

York, northeastern United States, is an exceptional site for investigating cloud water chemistry. It is situated at an elevation of

1483 m (4867 ft) and spends 20–60% of the time during summer immersed in clouds (Schwab et al., 2016). This mountain top

site is the 5th highest peak of the Adirondack Mountains and downwind of diverse natural and anthropogenic emission sources

from Canada, the Great Lakes, and the western United States. Since the 1970s, WFM has been providing critical insights135

into atmospheric chemistry, influencing CAA regulatory actions in the 1990s aimed at reducing acid deposition (Falconer and

Falconer, 1980; Mohnen and Vong, 1993; Dukett et al., 2011).

Spanning from June through September each year, the dataset captures warm cloud events during the late spring (June),

summer (July-August), and early fall (September). These variations are influenced by biogenic activity during the plant growth

season in the late spring and meteorological shifts across the sampling period. Additionally, the dataset includes periods of140

episodic wildfire events, which commonly occur during the summer months. Fall season is also influenced by biogenic emis-

sions due to leaf foliage. By including both regular seasonal cycles and intermittent high-impact smoke as well as heatwave

events, this study offers a comprehensive view of the factors influencing LMWOA dynamics in cloud water chemistry. Fur-

thermore, the remote location of WFM minimizes direct anthropogenic influence, with minimal local pollution interference,

enabling the observation of broader atmospheric trends. This makes WFM highly relevant for studying the transport and trans-145

formation of air masses influenced by regional and long-range emissions, making it a one-of-a-kind high-elevation site to

investigate cloud water chemistry. It should be noted that this study does not include wintertime measurements due to oper-

ational limitations at the site during freezing conditions from late fall to May. Sampling ends by the first week of October to

prevent problems associated with riming. Therefore, the dataset focuses exclusively on warm cloud measurements, capturing

the most dynamic period of cloud water chemistry.150
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2.2 Sample collection methods and offline chemical analyses

Cloud water samples were collected at WFM using an automated Mohnen Omni-directional passive cloud water collector

(Mohnen, 1979) under specific meteorological conditions: Liquid Water Content (LWC) > 0.05 g m−3 (measured by a Gerber

Particle Volume Monitor), temperature > 2◦C, no rain (detected by a CAPMoN rain sensor), and wind speed > 2 m s−1

(measured by an RM Young anemometer). When these conditions were met for at least one minute, the collector exposed155

Teflon strings to capture cloud water from the passing airflow (Lawrence et al., 2023). Samples were collected every 12 hours

into a refrigerated 1-liter ISCO bottle connected to a 12-liter high-density polyethylene (HDPE) accumulator vessel that is

continuously weighed to monitor accumulated cloud water sample volume. The collected water was filtered through an in-line

0.4 µm track-etched polycarbonate filter using a peristaltic pump to prevent microbial degradation, and filters were replaced

twice a week. From 16 July 2024, we started using 0.2 µm filters for microbial analysis (Lombardo et al., 2025). Each sample160

was then transferred to a 250 ml bottle and kept frozen until chemical analysis. While LMWOA measurements have been

reported for specific cloud events at various locations, including WFM, routine bulk sampling at a remote site required careful

sample handling to prevent degradation or volatile losses. All samples were filtered during collection and stored at 2◦C to

prevent microbial degradation during the three-day holding time until delivery to the lab for chemical analysis. Chloroform

(CHCl3) was not added to the cloud water samples since controlled administration of CHCl3 concentrations based on collected165

sample volume is not yet a feature of the automated cloud water collection system. It should be noted that Khwaja et al.

(1995) used CHCl3 and 0.4 µm filters prior to organic acid analysis of cloud water samples collected on an hourly basis for a

short-term study at WFM in 1987. Although 0.2 µm filters are widely regarded as sufficient for sterilization purposes, Hahn

(2004) isolated a wide variety of viable bacteria from 0.2 µm filtered freshwater samples, suggesting that even with this level

of filtration, some microbes may end up in the filtered cloud water samples. Routine blank and rinse samples of the cloud water170

collection system using Type 1 ultrapure water (18MΩ cm resistivity) were collected multiple times each year to assess for

contamination. A table showing measurement statistics for these samples is added to the supplement (Table S3).

Detailed descriptions of the measurement methods for each year and each analyte are presented in the supplemental material

following some of the procedures described in previous studies (Khwaja et al., 1999; Tripathy et al., 2024; Lawrence et al.,

2023). In each year of the study, quality control samples were prepared fresh daily and monitored to assess column performance.175

Lab duplicates were analyzed by randomly selecting one sample from that day’s batch. Results within a relative percent

difference (RPD) acceptance criterion of ±10% were accepted; otherwise, more duplicates were analyzed or the entire batch

was reanalyzed.

This study presents a seven-year study of three major LMWOA (formate, acetate, and oxalate). Although acetate was sus-

pected to co-elute with glycolate in a few instances, the peaks for acetate were resolvable, and glycolate concentrations were180

consistently below the detection limit. Additionally, measurements for other organic acids were limited due to analytical limi-

tations. Hence, the focus of this paper is on the three most abundant LMWOA. Method detection limits (MDL) for each analyte

are provided in Table S1, along with the corresponding laboratories where the measurements were conducted for each year that

samples were collected.
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Analyte concentrations measured by ion chromatography (mg L−1) are converted to mol L−1 by dividing by molar mass185

and then converted to equivalent concentrations (eq L−1) by multiplying by ionic charge. The total concentration of measured

cations (
∑

Ca) and anions (
∑

An) are then calculated according to the following equations, with concentrations for all analytes

in units of eq L−1:

∑
Cat = [NH+

4 ]+[Ca2+] + [Mg2+]

+[Na+] + [K+] + [H+]bulk

(1)

∑
An = [SO2−

4 ] + [NO−
3 ] + [Cl−] +

∑
LMWOA (2)190

where
∑

LMWOA is the sum of the measured formate, acetate, and oxalate concentrations. It should be noted that these are

the maximum possible contributions of these LMWOA to the ion balance since these values do not account for the deprotona-

tion state of those anions (except as calculated in Eq. 5 and 6, and reported in Fig. 7-9).

Then we infer the concentrations of missing anions by assuming that electrochemical charge balance was sustained in these

bulk aqueous solutions, but assuming that the anions listed in Eq. 2 were insufficient to characterize all the anions present.195

Inherent to Eq. 3 and 4 is the assumption that any cations other than those listed in Eq. 1 are present in negligible concentrations

:::
(Fig

::::
S7).

missingAn =
∑

Cat−
∑

An (3)

∑
Ions = missingAn+

∑
Cat+

∑
An (4)

The measured ionic concentrations of each analyte are then divided by the total ion concentration (
∑

Ions) to determine200

ionic fractions, and charge imbalance is calculated from 100% × (missingAn/
∑

Ions)

Following the procedure of Lawrence et al. (2023), we estimate acidity for the vast majority of cloud droplets as they existed

in the atmosphere prior to collection using a "top down" approach based on the measured bulk cloud water acidity and measured

concentrations of the two dominant non-volatile cations (Mg2+ and Ca2+), which are presumed to exist entirely within the

coarse mode aerosol population, therefore representing a very small fraction of the particles present even when comprising a205

significant fraction of the aerosol mass loading, i.e. [H+]TD = [H+]bulk + [Ca2+] + [Mg2+], which is subsequently used to

calculate pHTD. Similarly, a "bottom up" approach is used to estimate cloud droplet acidity based on measured concentrations

of the dominant inorganic ions typically associated with the fine mode aerosol population, i.e., [H+]BU = ([SO2−
4 ] + [NO−

3 ]) -

[NH+
4 ].

Since organic acids are also expected to exist primarily within the fine mode aerosol population (VandenBoer et al., 2011;210

Lawrence et al., 2023), in this study, we extend the “bottom up” acidity calculation to include the measured LMWOA concen-

trations, thereby introducing a new variable:
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[H+]BU∗= ([SO2−
4 ] + [NO−

3 ] + [H+]OA)− [NH+
4 ] (5)

where [H+]OA = [HCOO−] + [CH3COO−] + [C2O
2−
4 ], representing the dissociated fractions of the three LMWOAs

calculated from their measured concentrations and pKa values at pHTD (our best estimate for cloud droplet pH), using equations215

from Seinfeld and Pandis (2016) (used in Fig. 7-9).

Similarly, the Missing Acid Fraction (MAF) concept introduced by Lawrence et al. (2023) was modified to include LMWOA,

and the new variable MAF∗ is introduced here:

MAF∗ = ([H+]TD − [H+]BU∗)/[H+]TD (6)

For this study, negative values for [H+]BU and [H+]BU* are set to zero for calculating pHBU and pHBU*, respectively, as220

well as for calculating MAF and MAF∗.

Isoprene, a major BVOC at the site, was measured from grab samples collected in stainless steel whole air canisters from

the base of WFM (610 m elevation) in the summer of 2022 and 2023. The local canopy at this elevation can be categorized

as a deciduous hardwood forest, dominated by sugar maple, yellow birch and American beech trees. These trees are known

to be strong monoterpene emitters with isoprene emissions depending on leaf age and heat stress (Karl et al., 2004; Jaakkola225

et al., 2024). In this study, we report only isoprene, a short-lived, highly reactive BVOC that is also prone to wall loss in

canisters, making it a challenging compound to measure accurately. Grab samples were analyzed using the NSF NCAR Trace

Organic Gas Analyzer (TOGA), a gas chromatograph coupled with a Time-of-Flight mass spectrometer (GC-MS), following

the method described by Apel et al. (2003). At the WFM summit, trace gases are measured continuously throughout the year,

including chemical species such as ozone (O3) and carbon monoxide (CO). Black carbon (BC) is measured by Aethalometer.230

Further details about the gas-phase dataset can be found in Brandt et al. (2016).

2.3 Sample handling procedures

2.3.1 Assessing short-term stability of LMWOA for a cloud water sample

As an initial test of the stability of organic acids within cloud water following collection prior to completing the chemical

analyses, a set of tests was conducted by obtaining a filtered and unfiltered aliquot for a cloud water sample collected on 20235

August 2019. The pH for this cloud water sample was 4.9. Both aliquots were split into two additional aliquots that were aged

for four days before chemical analysis. The resulting measurements showed <10% difference in pH, conductivity, NO−
3 , DOC,

and NH+
4 concentrations after four days of aging and no significant difference in oxalate or formate between the filtered versus

unfiltered aliquots (Table S4). However, the aged filtered sample exhibited 45% higher acetate concentration than the aged

unfiltered sample. This difference was not due to loss of acetate in the unfiltered sample, since the aged unfiltered sample had240

11% higher acetate concentrations than the fresh unfiltered sample. This puzzling result suggests possible microbial contam-

ination being introduced during or after filtration with an Acetobacter species (He et al., 2022). While filtration is meant to
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Figure 1. Trends of measured analyte concentrations normalized by measured analyte concentrations of a prepared aqueous cloud water

mimic solution, after spraying, collecting and aging over three days for the spray test.

prevent microbial degradation, utmost care must be taken to ensure that the additional sample handling does not introduce new

microbes to the sample.

2.3.2 Assessing short-term stability of LMWOA for cloud water mimic solution245

To more carefully assess the impact of sample handling on measured organic acid concentrations, a field calibration with a

known solution of organic acid concentrations is needed. An initial spray test with sodium oxalate test solution was conducted

in 2018, but the results were compromised by the presence of wildfire smoke during the spray test at the WFM summit and

failure to retain an aliquot of the original prepared solution for comparison. A carefully planned spray test of the cloud water

collector with freshly prepared aqueous solution was conducted at the summit of WFM on a clean, cloud-free day on 22250

September 2024 to systematically evaluate potential contamination, volatile loss and/or degradation of LMWOA during and

shortly after sample collection. Following the bottle washing procedure for cloud water samples, the HDPE bottles used in the

test were washed with hot water, soaked with ultrapure water for 48 hours and subsequently confirmed free from contamination

by IC analysis. A standard mixture solution (oxalate + formate + acetate + sulfate) was prepared with concentrations of 0.25

mg L−1 for each LMWOA and 0.4 mg L−1 for sulfate. The concentration of each analyte of the solution was verified in the255

lab by IC in the early morning prior to the spray test. All the measured concentrations of organics showed >95% recovery

of their original concentrations, while sulfate corresponded to 94.9% recovery. The organic anions were added in their fully

deprotonated forms by using disodium oxalate, sodium formate and sodium acetate certified IC stock solutions. Sulfate standard

was prepared from ammonium sulfate in the lab and was added to the mixture to mimic cloud sample composition, since it

has been a stable anion found in the samples over the years. The measured pH of the spray test solution was 6.05. At this260

pH, formate (pKa 3.75), acetate (pKa 4.76), and oxalate (pKa1 1.27, pKa2 4.27) remain almost entirely in their deprotonated
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anionic forms, which doesn’t favor volatilization of these LMWOA. It should be noted that the annual median pH of real cloud

water samples ranges from pH 4.5 to 6.5 at WFM.

Figure 2. Box and whisker plots of organic acid concentrations in cloud water samples collected at WFM in 2018-2024, for all measurements

above detection limit. The number of samples in each year is reported as n (in grey font) and n (in blue font) for the total number of samples

analyzed and the number of samples above detection limit, respectively. The orange lines mark median concentrations, green triangles mark

mean concentrations, boxes indicate 25th and 75th percentiles, and whiskers extend from the 1st to 99th percentiles. Lactate measurements

were unavailable in 2023–2024; glyoxylate and pyruvate measurements were unavailable in 2019 and 2023–2024; and succinate + malate

concentrations were measured in 2018–2019 and malonate in 2018 only.

Prior to the spray test, the cloud water collector was rinsed with ultrapure water for one minute, with rinse water going to

waste. Then a rinse sample was collected by rinsing the entire system, including the in-line filter holder, with an additional ∼4265

L of ultrapure water. Then approximately 2 L of the prepared test solution was sprayed on the collector and collected from the

accumulator, which was labeled as “unfiltered” aliquot. The aliquot was split carefully into (five) 1-liter ISCO bottles. In one of

those, ∼50 µL chloroform (CHCl3) was added to assess microbial degradation. Two of the unfiltered aliquots were manually

filtered separately using two different sizes of filters (0.2 µm and 0.4 µm), driven by the peristaltic pump. The 0.4 µm filtered

aliquot was split into two ISCO bottles, and one was injected with 50 µL CHCl3. Finally, all five categories of aliquots were270

left in the accumulator fridge in labeled ISCO bottles to be collected and analyzed in the lab for the next three days to mimic

the real cloud water sample collection process. The types of aliquots were (1) unfiltered, (2) unfiltered with added CHCl3, (3)

filtered with 0.2 µm filter, (4) filtered with 0.4 µm filter, and (5) filtered with 0.4 µm filter with added CHCl3. A set of five

samples was poured into the HDPE bottles on the same day, and the rest of the aliquots were left capped in five separate ISCO

bottles for 12 hours in the carousel to treat as if they were in the enclosed accumulator. The next day, again a set of five samples275

was collected, and ISCO bottles were left uncapped for the next two days. Samples from days 2 and 3 were kept frozen after

collection for a few days before analysis to mimic the handling of cloud water samples.
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No significant organic contamination was detected in ultrapure water or rinse sample, though trace chloride was present.

DOC measurement of the rinse sample was 150 ppb as compared to 750 ppb DOC for the spray solution and compared to the

range of annual median cloud water DOC concentrations of 3600-6200 ppb from 2018-2024 (Fig. S6). A significant loss of280

formic and acetic acid was observed in the 0.2 µm filtered samples (Fig. 1), likely due to volatilization during the unexpectedly

prolonged (> 1 hr) filtration process, during which time the sample was exposed to ∼20◦C lab air, in contrast to the normal

cloud water sampling process. Filtered samples exhibited more stable organic acid concentrations. Unfiltered samples showed

a decline in all LMWOA concentrations on the 3rd day. As a sanity check, replicates were run for the unfiltered and filtered

(0.4 µm) samples, with results falling within ±5%.285

The observed decrease in LMWOA concentrations for unfiltered samples supports loss of organic acids by microbial activity

in the unfiltered sample, especially for formate, with ∼35% loss three days after collection. Although no microbes were

intentionally introduced, later analysis done by Lombardo et al. (2025) confirmed the presence of microbes in 0.2 µm filtered

samples using 16S DNA sequencing. Since the 0.4 µm filtered samples with CHCl3 added did not exhibit loss of formate by

the 3rd day, microbial activity is likely responsible for the observed organic acid loss, rather than volatilization, for the 0.4290

µm filtered samples. However, the pH of the individual sample determines how much volatilization of LMWOA may occur.

Refrigeration at 1.1 ± 0.78(1σ) ◦C within the accumulator fridge also helps reduce the rate of LMWOA volatilization.

Overall, the spray test confirms that short-term storage in the accumulator fridge (up to 3 days) is minimized if microbial

degradation is suppressed by filtration and/or chloroform addition, with normal precautions to prevent contamination or loss

by volatilization. The 0.4 µm filtered test sample experienced up to ∼16% loss for formate, but no significant change in acetate295

or oxalate concentrations. Nearly all cloud water samples presented in this paper were collected using 0.4 µm filtration. The

0.2 µm filtered samples that began in 2024 are expected to experience less microbial degradation than the 0.4 µm filtered

samples, and no volatile losses when the sampling system is intact, as during normal cloud water collection with automated

in-line filtration.

3
::::::
Results300

3.1 Results
::::::::
Statistical

:::::::::
summary

::
of

:::::::::
LMWOA

:::::::::
2018-2024

3.1.1 Statistical summary of LMWOA 2018-2024

Formate and acetate are the most abundant monocarboxylic acids measured in WFM cloud water, with median concentrations

of 3.95 and 3.75 µeq L−1 respectively, shown in Fig. 2. Oxalate and malonate are the next two abundant dicarboxylic acids,

with median concentrations of 2.17 and 3.74 µeq L−1 respectively. Malonate was only measured in 2018 and may have a high305

bias, since co-elution with an unidentified peak precluded reliable measurements in the later years of the study. The rest of the

organic acids measured had median concentrations <1 µeq L−1 and were frequently below detection limits, indicating their

limited contributions to chemical properties in cloud water such as ion balance and acidity. For the remainder of the paper,
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the discussion of LMWOA focuses on formate (HCOO−), acetate (CH3COO−), and oxalate(C2O4
2−), given that these three

organic acids were measured for the entire seven-year period of this study.310

Monthly differences in LMWOA concentrations were observed for the three species of primary focus, as highlighted in

Fig. S4. Formate, acetate, and oxalate concentrations exhibited the highest concentrations in the growing season (June and

July) compared to August and September. Oxalate concentrations exhibited greater variability in July, when wildfire smoke

events occurred more frequently, particularly in 2021 and 2023. These smoke events could provide additional precursors

such as glyoxal, pyruvate, methylglyoxal, other LMWOA, further accelerating its dominant production pathway via in-cloud315

secondary processes, and aqueous phase reactions involving OH radical, as well as iron-catalyzed oxidation (Carlton et al.,

2007; Kundu et al., 2010; Zuo and Zhan, 2005). The same wildfire smoke influence further explains both oxalate and DOC

mean concentrations peaking in July. Also, a major fraction of in-cloud secondary formation of oxalate is known to originate

from isoprene-derived compounds globally (Myriokefalitakis et al., 2011), which peaked in July at the site (Fig. 4). This

contrasts with formate and acetate, which peaked in June, likely due to direct photochemical oxidation of a broad mix of320

vegetation and soil emissions under maximum sunlight exposure, with possibly a higher morning OH from HONO photolysis

and more persistent nighttime NO3 radicals that could accelerate the primary production of those in the aqueous phase (Nguyen

et al., 2015; Alwe et al., 2019). The decline in all LMWOA concentrations in September suggests reduced photochemical

activity
::::::::
emission

::
of

::::::::
precursors

:::::
from

:::
the

::::::::::
surrounding

:::::::::
vegetation in the fall, which was also observed in isoprene measurements

as shown in Fig. 4.325

Oxalate generally accounts for ∼1% of cloud water DOC concentrations. The measured oxalate to DOC ratio also exhibits

an increase with measured ozone (O3) mixing ratios, especially apparent in cloud water samples collected in 2018. However,

the relationship to O3 is less clear in subsequent years. Overall, for cloud water samples collected 2018-2024, the oxalate:DOC

ratio increases only slightly from (1.0 ± 0.085)% to (1.3 ± 0.29)% for time periods with < 50 ppbv O3 and > 50 ppbv O3,

respectively, as shown in Fig. 3. Higher O3 levels can enhance oxalate formation by secondary processes from its gas phase330

precursors such as glyoxal, methylglyoxal and pyruvic acid (Kawamura and Bikkina, 2016)
::
via

::::::
BVOC

:::::::::
oxidation

::::::::
pathways

:::::::::::::::::::
(Mochizuki et al., 2017). However, higher DOC concentrations may alter oxidant mixing ratios, and extreme smoke events

(typically associated with high DOC concentrations) can substantially reduce actinic flux (Park et al., 2018; Ervens, 2022),

which can complicate the relationship between oxalate, DOC and O3, likely accounting for some of the variability observed in

Fig. 3.335

Figure 4 shows a comparison of isoprene concentrations measured at WFM in 1994-1995, reported in Gong and Demerjian

(1997), overlaid with our 2022-2023 data at WFM shown in a box-whisker plot. The 2022-2023 data have a higher mean in July

(∼7.31 ppb C) compared to Gong and Demerjian (1997) (∼3.65 ppb C), possibly due to differences in sampling frequency, but

also due to the inherent variability of isoprene due to its high reactivity. However, both datasets follow a similar seasonal trend,

peaking in July and declining in fall, which aligns with the monthly trends of all three major LMWOA and DOC, suggesting340

that isoprene emissions play a key role in the production of LMWOA.
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Figure 3. Relationship between measured DOC and oxalate concentrations in cloud water, colored by the average measured ozone (O3)

mixing ratios during in-cloud periods for each sample, with marker shape representing the year that samples were collected. The slopes

and correlation coefficients correspond to linear fits for time periods when O3 < 50ppbv (blue) and O3 > 50ppbv (red), with shaded areas

representing the 95% confidence band of the linear fits. Black ’+’ markers indicate time periods when in-cloud O3 mixing ratios could not

be well characterized, either due to missing O3 or missing cloud liquid water content data.

Figure 4. Measured isoprene concentrations as sampled from the base of WFM throughout the year in 1994-1995 (red points, digitized

from Gong and Demerjian (1997)) and throughout the summers of 2022 and 2023 (monthly box plots, with whiskers extending from 1st to

99th percentiles). The values of n correspond to the number of samples included in each box for each summer month (June, July, August,

September) of the current study.
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Figure 5. Annual mean fractions of ion concentrations (in eq L−1) of measured cations and anions in cloud water for 1987 (Khwaja et al.,

1995) and 2018-2024 (this study). Only the subset of samples for which measurements of all listed analytes were obtained is included in

the mean (including analytes with measured concentrations below MDL), and the number of samples included in the mean is reported as

n for each year. Note that the 1987 data are from hourly samples from three summer cloud events, while the 2018–2024 dataset represents

12-hourly summertime measurements obtained continuously from June through September in each year, except for 2021, which corresponds

to samples collected June through August.

3.1.1 Contribution of LMWOA to Ion Balance

3.2
:::::::::::

Contribution
::
of

::::::::
LMWOA

:::
to

:::
Ion

:::::::
Balance

Ion fractions are averaged by year in Fig. 5. Major changes in cloud water ion fractions between 1987 (Khwaja et al., 1995)

and recent years include a decrease in sulfate ion and increases in ammonium and calcium. The three most abundant LM-345

WOA account for 6-22% of anions and 3-9% of DOC on an annual basis (Figs. 5 and S3). On average, 14-40% of anions

remain unaccounted for, which could include other organic anions such as organosulfates, organonitrates, malonate, succinate,

glutarate and other dicarboxylic acids, as well as other potential anions like halides and bicarbonate. High molecular weight

multifunctional organics like Humic-Like Substances (HULIS), produced through aqueous phase reactions of small aldehydes

with ammonium and amines during cloud processing and oligomerization of water-soluble organics during cloud processing350

of wildfire smoke (Salma et al., 2008; Hawkins et al., 2016; Laskin et al., 2025), may also contribute to both the unidentified
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DOC species and ion imbalance. Assessing ion balance for all samples (2018-2024), the three major LMWOA increase the

slope for measured anion versus cation concentrations from 0.61 to 0.72 over the seven years (Fig. S5).

3.2.1 LMWOA and “Surplus Ammonium” in Cloud water

3.3
::::::::

LMWOA
:::
and

::::::::
“Surplus

::::::::::::
Ammonium”

::
in

::::::
Cloud

:::::
water355

In a growing fraction of cloud water samples, ammonium concentrations exceed the combined concentrations of sulfate and

nitrate (i.e., [NH+
4 ] > [SO2−

4 ] + [NO−
3 ]). This shift is described by Lawrence et al. (2023) as a “New Chemical Regime” where

the surplus NH+
4 is no longer fully neutralized by strong inorganic acids, as also discussed by Pye et al. (2020). Under this

regime, we observe a strong positive correlation between surplus NH+
4 and the sum of three major LMWOA such as formate,

acetate, and oxalate (Fig. 6). In contrast, samples with [NH+
4 ] < ([SO2−

4 ] + [NO−
3 ]) show weak or no correlation between360

these species. This suggests that when surplus NH+
4 is available, it interacts more with deprotonated organic acids, forming

ammonium organic salts, especially in DOC-rich samples.

Figure 6. Relationship between surplus NH+
4 and sum of three major LMWOA measured in cloud water collected in 2018-2024, colored by

the measured DOC concentrations for each sample; the shaded area represents the 95% confidence band and the slope corresponds to the

linear fit. Again, the LMWOA values reported here represent the measured concentrations, without accounting for dissociation state.

High surplus NH+
4 concentrations associated with high LMWOA concentrations occurred during a heat wave in 2018 (Fig.

6), which correlated with both high ozone mixing ratios and high BVOC concentrations, likely resulting in enhanced secondary

formation of LMWOA (Lawrence et al., 2024). However, for DOC-rich samples collected in 2023 and 2024, the relationship365

between surplus NH+
4 and LMWOA concentrations is much less clear, perhaps in-part resulting from

:::
due

::
to

:::::::::
differences

:::
in

::::
NH3 :::::::::

availability
::::
and nucleophilic addition reactions between NH3 and organic acidswithin cloud water, which can produce

diverse nitrogen-containing organic compounds (which are not measured
:::::::
included

:
in our dataset) but may act as a sink for

both NH+
4 and some organic acids (?).

::::::::::::::
(Shu et al., 2025).

::::
The

::::
high

:::::
DOC

:::::
events

:::::
from

::::
2021

::::
and

::::
2023

:::
are

:::::::::
associated

::::
with

::::
two
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::::::
extreme

:::::::
wildfire

::::::
smoke

::::::
events,

:::::
which

:::::
likely

:::::
follow

::::::::::
chemically

::::::
distinct

:::::
aging

::::::::
pathways

::
as

::::::::
compared

::
to

:::
the

::::
2018

::::::::
pollution

:::::
event370

:::::::
modeled

::
by

:::::::::::::::::::
Lawrence et al. (2024)

:
.
:::
We

::::::
discuss

::::
and

:::::::
contrast

:::
the

::::::::
chemical

:::
and

:::::::::::::
meteorological

:::::::::
conditions

::::::::::
encountered

::::::
during

::::
these

::::
two

::::::
wildfire

::::::
smoke

::::::
events

::
in

::::::
section

:::
3.5

::
of

:::
this

::::::
paper.

3.3.1 Contribution of LMWOAs to cloud droplet acidity

3.4
:::::::::::

Contribution
::
of

:::::::::
LMWOAs

::
to

::::::
cloud

::::::
droplet

:::::::
acidity

The significant contribution of organic acids to ion balance suggests that organic acids can also be important for cloud droplet375

acidity. Lawrence et al. (2023) used a “top down" vs. “bottom up” framework to estimate cloud droplet acidity based on the

measured inorganic ions. By comparing pH from these two different calculations, a Missing Acid Fraction (MAF) was inferred,

which was shown to be rapidly growing at WFM since ∼2009, with more than half of the inferred cloud droplet acidity no

longer explained by the traditional inorganic ions SO2−
4 , NO−

3 and NH+
4 when that study concluded in 2021. They proposed

that unmeasured LMWOA could be a dominant species reshaping the site’s chemical regime. The updated dataset presented380

here shows that the difference between pHTD (blue) and pHBU (orange) has continued to grow (Fig. 7), resulting in a further

increase in MAF since 2021 (Fig. 8) and approaching MAF = 1.0 in 2022-2024, with nearly all of the inferred cloud droplet

acidity unaccounted for by the measured inorganic ions. Note that pHTD varied very little during the entire seven-year study,

with annual median values averaging ∼4.4 ± 0.09 (1σ).

Figure 7. Annual median cloud water pH (2018–2024) using four different approaches: (1) measured bulk cloud water pH (black), (2) “top

down” pH (pHTD) derived from measured bulk pH and measured Ca2+ and Mg2+ concentrations (blue) with error bars representing one

standard deviation in pHTD for each year, (3) “bottom up” pH (pHBU) derived from measured concentrations of SO2−
4 , NO−

3 and NH+
4 as

originally defined by Lawrence et al. (2023) (orange), and (4) a new “bottom up” pH (pHBU*) that also includes the dissociated LMWOA

concentrations calculated from their measured concentrations: formate, acetate and oxalate (red).
:::
Note

::::
that

:::
pH

:::::::::::
measurements

::::
have

:::
5%

:::::::
precision

:::
and

:::::::
98-102%

:::::::
accuracy,

::
as

::::::
detailed

::
in

:::::::::::::::::
Lawrence et al. (2023)
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Figure 8. Annual median fraction of samples with surplus NH+
4 (i.e. [NH+

4 ] > ([SO2−
4 ] + [NO−

3 ]) in red on the left axis. Annual median

Missing Acid Fraction (MAF) on right axis, calculated in two different ways: (1) MAF as originally defined by Lawrence et al. (2023),

including only measured inorganic ions (black solid line), with negative ([H+]BU values set to zero), and (2) newly defined MAF* including

dissociated LMWOA (black dotted line), with negative ([H+]BU* values set to zero). Also plotted is a linear fit to the annual median MAF*

(blue dashed line). The blue shaded box plot shows the variability in MAF* in each year, with the upper edges of the boxes representing the

75th percentile and the lower edges of the boxes representing the 25th percentile. The MAF* error bars show the estimated uncertainty in

MAF*, with the upper error bar including the addition of measured K+ concentrations in HBU* calculation and the lower error bar including

the measured LMWOA concentrations (formate, acetate and oxalate) assuming full deprotonation regardless of pH.

Adding the new measurements of LMWOA to the "bottom up" calculation for estimated cloud droplet pH decreases pHBU∗385

by 0.1–0.45 units and explains 5-40
:::
5-36% of the missing acidity ,

:::::
cloud

::::::
droplet

::::::
acidity

:
on an annual median basis. These

findings are supported by previous studies where formic + acetic acids supplied up to 60% of droplet acidity in remote and

mountain sites (Keene et al., 1983; Galloway et al., 1982; Keene and Galloway, 1986; Andreae et al., 1988; Pye et al., 2020).

The
::::::::::
contribution

::
of

::::::::
LMWOA

:::
to

::::::
droplet

::::::
acidity

::::
was

:::::::
greatest

::
in

:::::
2018,

:::::
2021

::::
and

:::::
2023,

::
as

::::::::
exhibited

:::
by

::
a
::::::
greater

:::::::::
difference

:::::::
between

::::
MAF

::::
and

::::::
MAF*

::
in

:::
Fig.

::
8.
::::
The

::::
latter

::::
two

::
of

:::::
these

::::
years

:::::
were

::::::
heavily

:::::::::
influenced

::
by

::::
high

:::::::
primary

::::::::
LMWOA

:::::::::
emissions390

::::
from

:::::::
wildfire

::::::
smoke

:::::
events

:::::::::::::::::
(Permar et al., 2023)

:
,
::::
with

::::::::
LMWOA

:::::::::::
contributing

:::::::
30-33%

::
to

:::::
cloud

::::::
droplet

:::::::
acidity

::
on

:::
an

::::::
annual

::::::
median

:::::
basis

::
in

::::
2021

::::
and

:::::
2023.

::::
The

::::::::::::
meteorological

::::
and

::::::::
chemical

::::::::
properties

:::::::::
associated

::::
with

:::::::
wildfire

::::::
smoke

::::::
events

::
in

:::::
these

:::
two

:::::
years

:::
are

::::::::
contrasted

::
in

::::::
section

:::
3.5

::
of

::::
this

:::::
paper.

::::::::
However,

:::
the

::::
even

:::::::
stronger

::::::
impact

::
of

::::::::
LMWOA

:::
on

:::::
cloud

::::::
droplet

::::::
acidity

::
in

::::
2018

:::::
likely

:::::::
resulted

::::
from

:::::::
different

:::::::::
precursors

::::
and

::::::::
dominant

::::::
reaction

::::::::
pathways

::::
than

::
in
:::::
2021

:::
and

:::::
2023,

:::::
since

:::
the

::::
2018

::::::::
pollution

:::::
events

:::::
were

:::::::::
associated

::::
with

::::
high

::::::::::::
temperatures,

::::
high

:::
O3::::

and
::::
high

::::::
BVOC

::::::::::::
concentrations

::::::::::::::::::::
(Lawrence et al., 2024),

::::
with

:::::
little395

:::::::
influence

:::::
from

::::::
wildfire

:::::::
smoke.

:::
The

:
linear fit to annual median MAF* (which includes dissociated LMWOA) exhibits an upward trend with a 7.6% increase

per year and r2 = 0.59 over the seven years of measurements (Fig. 8). The upper error bars represent MAF* with measured K+

concentrations added to the HBU* calculation to account for potential internal mixing of K+ in the fine aerosol mode. While
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K+ may be found in both the fine and coarse aerosol particles (VandenBoer et al., 2011), Adachi et al. (2022) showed that,400

in wildfire smoke, K+ is often internally mixed with fine organic aerosol. Figure 8 shows that the uncertainty in MAF* due

to K+ mixing state is typically small compared to other sources of uncertainty. The lower error bar for MAF* represents the

maximum possible contribution of measured LMWOA, assuming complete dissociation of these acids irrespective of pH. In

the years 2021 and 2023 when wildfire events were more frequent, higher uncertainties are observed for the contribution of

LMWOA to MAF* (Fig. 8). Another source of uncertainty in the missing acid fraction calculation arises from the assumption405

that NO−
3 is entirely in fine mode aerosol, whereas in reality some fraction may exist in coarse mode aerosol (Lee et al., 2008).

Note that if NO−
3 were alternatively found entirely within the coarse mode, the MAF* calculation would likely be minimally

affected, since MAF* = 1-(HBU*/HTD) and since both HTD and HBU* would be overestimated by the same degree, exactly

equal to the measured bulk NO−
3 concentrations.

3.4.1 Influence of Smoke on Cloud Water Composition410

3.5
:::::::

Influence
:::
of

::::::
Smoke

::
on

::::::
Cloud

::::::
Water

:::::::::::
Composition

Smoke plumes are known to be highly enriched in organic matter (Liu and Peng, 2019) and the associated particles can be acidic

(Smolyakov et al., 2014; Behera et al., 2015). While NH3 emissions are often thought to be associated with agriculture (e.g.,

fertilizers and animal waste), biomass burning plumes can also be enriched in NH3 (Bray et al., 2018). Thus, smoke-influenced

cloud events present interesting case studies for more in-depth analysis of LMWOA, surplus NH+
4 and MAF under high DOC415

loadings.
::::::::::
Summertime

::::::
smoke

::::::
plumes

::::
over

:::::::
regions

::::
such

::
as
:::::::::::::

Saskatchewan,
:::::::::
Manitoba,

:::::::
Ontario,

:::
and

:::::::
Quebec

:::
are

:::::::::
dominated

:::
by

::::::::
emissions

::::
from

::::::::
wildland

::::::
Boreal

::::
fires

:::::::::::::::
(Brey et al., 2018)

:
,
::::::::
frequently

::::::::::
transported

::
to

::::::
WFM.

:
In this section, two severe wildfire

smoke episodes are compared to assess how smoke plume aging shapes the chemical composition of cloud water samples.

Both
::
of

:::::
these smoke events were associated with Boreal forest fires in Canada, but the fires were located at different distances

upwind from WFM, thereby impacting the transport time
:::
and

::::::::
transport

::::
path of the smoke plume to our site.420

The first smoke event, which intercepted WFM on 19-22 July 2021, was detected across NY State with ground-based LIDAR

measurements (Shrestha et al., 2022). Zheng et al. (2023a) reported record-breaking Boreal wildland forest fire emissions in

2021, with Manitoba, Saskatchewan, British Columbia, and Ontario provinces witnessing their largest total area burned in July

2021 (Jain et al., 2024b), intensified by a Pacific Northwest heat dome. HYSPLIT back trajectories, launched at 1200 UTC on

20 July 2021 from the WFM summit (Lawrence et al., 2023) traced that plume back to south-central Canada with at least five425

days transport time from the source to the measurement site. Hence, we categorize this event as an “Aged Smoke” plume, and

three cloud water samples were collected during this episode. We report LMWOA data from two of those samples since not

enough sample volume was collected in the first sample to conduct all chemical analyses, since clouds were intercepted only

at the very end of the 12 h sampling period (as indicated in yellow shading as the daytime period on 19 July in the LWC panel

of Fig. 9). Nevertheless, enough sample volume was collected to conduct all other measurements.430

The second smoke event originated from lightning-caused wildfires from south-central Quebec (Jain et al., 2024a). These

fires produced a colossal smoke plume that caused severe air pollution and record-breaking daily mean PM2.5 concentration
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Figure 9. Time series of cloud water compositions during smoke-influenced periods at Whiteface Mountain in (a) 18-22 July 2021 and

(b) 5-8 June 2023. From top to bottom: (1) cloud liquid water content (LWC, g m−3); (2) carbon monoxide (CO, ppbv) and black carbon

(BC, ng m−3); (3) surplus ammonium ([NH+
4 ]–([SO2−

4 ] + [NO−
3 ]), µeq L−1) and potassium ([K+], µeq L−1); (4) Measured LMWOA

concentrations (oxalate, acetate, formate, and
∑

LMWOA in µeq L−1) along with DOC, µm C L−1); and (5) MAF (inorganics only) and

MAF* (inorganics + LMWOA) with estimated cloud droplet pHTD. The upper error bar of MAF* includes the addition of measured K+

concentrations in HBU* calculation and the lower error bar includes the measured LMWOA concentrations assuming full deprotonation

regardless of pH. Daylight hours (0600-1800 EST) are indicated with yellow shading in the top graph and smoky periods are indicated by

brown shading in the bottom three graphs, as determined from the measured K+, CO and BC concentrations.

in New York City (NYC) on 7 June, making it the city’s worst air quality event in the last 50 years (Wang et al., 2024; Cooper

et al., 2024). The smoke plume arrived in New York City (Queens) in a mean of 47.5 h per the HYSPLIT forward trajectory,

severely affecting the air quality of NYC from 6-9 June 2023 (Joo et al., 2024). Since WFM lies upwind from NYC, and showed435

elevated carbon monoxide (CO) and black carbon (BC) levels roughly 24 h before the plume reached the city, we estimate this

smoke was about one day old, significantly fresher than the first event. Hence, it has been categorized as a “Fresh Smoke” event

influencing two cloud water samples collected during that period. The woodsmoke contribution (obtained by subtracting the

370 nm absorption channel from the 880 nm absorption channel of the aethelometer used to measure BC (Allen et al., 2004))

was markedly higher for this event than the "Aged Smoke" event. Note that, since BC can be scavenged in clouds, and cloud440

droplets >10 µm are not sampled by the aerosol inlet (Lance et al., 2020), the BC measurements during in-cloud periods should

be treated as a lower bound of the actual BC mass loading since only interstitial aerosols and smaller cloud droplets containing
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BC are sampled by this instrument while in-cloud. Interestingly, the second sample from this "Fresh Smoke" event appeared to

have higher BC and woodsmoke concentrations than the first sample, potentially indicating less efficient scavenging of smoke

particles by cloud droplets, despite the high LWC, possibly due to a change in the smoke plume mixing-state and/or particle445

size distribution.

Elevated concentrations of biomass burning tracers, including CO, BC, DOC and K+ coincide with both elevated surplus

NH+
4 and LMWOA concentrations for these two smoke events, reinforcing the previously discussed chemical interactions

between surplus NH+
4 and LMWOA, but specifically for wildfire smoke plumes here. However, there are some marked dif-

ferences between these two episodes. The “Aged Smoke” samples exhibited substantially higher surplus NH+
4 than the “Fresh450

Smoke,” despite cloud droplets from both events exhibiting the same high acidity levels (pHTD ∼ 3.9) and liquid water content

(LWC), which both favor NH3 partitioning to the aqueous phase. This difference may be explained by the different transport

paths and aging times of the smoke plumes. The “Aged smoke” plume was transported across the agriculturally intensive Upper

Midwest (Wisconsin), where it appears to have picked up more NH3, resulting in surplus NH+
4 concentrations nearly as high

as the measured LMWOA concentrations. The “Fresh Smoke” plume passed over northern NY and Montreal, where there is455

much less agricultural activity, likely leading to the much lower surplus NH+
4 concentrations observed in those samples, ac-

counting for only about 10% of the measured LMWOA concentrations. Samples from both events contained elevated levels of

LMWOA, with “Fresh Smoke” samples richer in monocarboxylic acids (formate, acetate), which have been shown previously

to be directly emitted by wildland fires (Permar et al., 2021, 2023).

The “Aged Smoke” samples exhibited lower LMWOA concentrations and a reduced LMWOA contribution to DOC com-460

pared to the "Fresh Smoke" samples. We hypothesize that for “Aged Smoke” samples, a major fraction of the freshly emitted

monocarboxylic acids had undergone aqueous phase transformation as the plume aged, resulting in lower LMWOA concen-

trations several days later when the samples were intercepted at WFM. Conversely, DOC concentrations in the "Aged Smoke"

samples were significantly higher than the "Fresh Smoke" samples. A simultaneous decrease in LMWOA and increase in

DOC may suggest that oligomerization or accretion reactions dominate over fragmentation reactions during atmospheric aging465

(Barsanti and Pankow, 2004; Jimenez et al., 2009), boosting DOC during transport
:::
and

:::::::::
potentially

:::::::
forming

::::::
CHON

::::::::::
compounds

:::::::::::::
(Jin et al., 2025)

:
,
::
as

::::
also

:::::::
observed

:::
in

:
a
:::::::
previous

:::::
study

:::
on

::::::
Boreal

:::::::
wildfire

:::::
smoke

::::::
plume

:::::
aging

:::::::::::::::
(Ditto et al., 2021). Functional-

ization reactions can complicate this relationship
:::::
further

::::::::
enhance

::::
DOC, since oxidation of insoluble BC and Brown Carbon

(BrC, (Sullivan et al., 2022)) can also enhance
:::::::
increase DOC loading upon aging (Hems et al., 2020; Gilardoni et al., 2016),

consistent with both the greater DOC and lower BC and woodsmoke signals observed in the “Aged Smoke” samples. CO470

mixing ratios were similar during both events, peaking at ∼500 ppbv, but generally in the 200-400 ppbv range.

When including LMWOA in the estimated cloud droplet pH calculation, 70-90% of the Missing Acid Fraction (MAF*)

was resolved in the “Fresh Smoke” samples (Fig. 9b, bottom panel), illustrating the importance of these measured compounds

to cloud droplet acidity. However, for the “Aged Smoke” samples, the estimated cloud droplet acidity remained entirely un-

accounted for, even after including LMWOA in the MAF* calculation (Fig. 9a, bottom panel). This difference indicates that475

cloud droplet acidity for the “Fresh Smoke” event is primarily driven by LMWOA (formate, acetate, oxalate), whereas cloud

droplet acidity for the “Aged Smoke” event is dominated by other unmeasured anions, likely also organic-rich, including higher
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molecular weight, possibly multifunctional organic acids. Since these were smoke-influenced samples, the potential effect of

K+ on pHBU was tested, with impact on MAF* represented by the upper error bars shown in bottom panels of Fig. 9. Again,

we also evaluated the maximum possible contribution of LMWOA concentrations to pHBU by assuming full deprotonation480

regardless of pHTD, with impact on MAF* represented by the lower error bars shown in Fig. 9. It has been reported before that

K+ participates in neutralizing cloud water acidity, potentially forming potassium organic salts (Jing et al., 2017).

Cloud droplet acidity was high for both of the highlighted smoke events, with pHTD < 4.0 in most of these cloud water sam-

ples, matching median bulk cloud water pH from the 1990s prior to full implementation of the CAA amendments (Lawrence

et al., 2023), as compared to pHTD values > ∼4.5 in cloud water samples collected before and after these two smoke events.485

With the formation of higher molecular weight organic acids during the aging process, any new production of carboxylic acid

functional groups could further lower pH. However, for the “Aged Smoke” event, cloud droplets acquired additional NH+
4

through gas phase partitioning of NH3, neutralizing any added protons (Schwab et al., 2016; Shah et al., 2020; Tilgner et al.,

2021; Driessen and Murphy, 2025). This external buffering by ammonia uptake explains the higher surplus NH+
4 in “Aged

Smoke” samples at the same cloud droplet pH and LWC level as “Fresh Smoke” samples, a mechanism that is distinctly490

different in aerosols and clouds, as discussed by Zheng et al. (2023b).

We further evaluate smoke-influence on measured LMWOA concentrations for the full seven-year dataset, using measured

K+ concentrations > 2.5µeq L−1 as a proxy for smoke-influence, consistent with mean K+ concentrations for cloud water sam-

ples characterized as high probability of smoke-influence by Lee et al. (2022). Figure 10 shows that LMWOA concentrations

> 50 µeq L−1 generally occur at pHTD values < 4.7, coinciding with high K+ concentrations. This suggests that smoke-495

influenced cloud droplets are generally
:::::::::
moderately

:
acidic, often likely in part due to their high organic acid concentrations.

:
A
:::::::
similar

::::::::::
relationship

:::::::
between

::::
DOC

::::
and

::::::
pHTD,

::
fit

::
to

:::
an

:::::::::
exponential

::::::
decay

:::::::
function,

::::
was

:::::::
reported

:::
by

::::::::::::::::::
Lawrence et al. (2023)

:
,

::::
with

::::::::::::::
smoke-influenced

:::::::
samples

:::::
from

::::
2021

:::::::::
exhibiting

:::
the

::::::
highest

:::::
DOC

::::::
values

:::::::
observed

::::::::::
throughout

:::
that

::::::::
previous

:::::
WFM

:::::
study

::::
(note

::::
that

:::::
cloud

:::::
water

:::::::
samples

::::
from

:::::::::
2022-2024

:::::
were

:::
not

:::::::
included

:::
in

:::
that

::::::
study).

:
The review article by Pye et al. (2020) also

characterized biomass burning aerosol as drivers of acidity in cloud droplets. A previous analysis of cloud water samples col-500

lected from WFM in 2014 Cook et al. (2017)
:::::::::::::::
(Cook et al., 2017) showed an increase in O:C ratio as the bulk cloud water pH

decreased, with two out of three of the smoke-influenced samples exhibiting the lowest bulk pH values, even more acidic than

the urban-influenced cloud water samples selected in that study.
::::
They

::::::
further

:::::::
reported

:::
that

:::::::::::::::
smoke-influenced

:::::::
samples

::::::::
contained

::::
more

:::::::
oxidized

::::
and

:::::::::
chemically

:::::::
complex

::::::::
dissolved

:::::::
organic

::::::
matter,

::::::::
including

::::::
slightly

::::::
higher

::::::
average

::::
O:C

:::::
ratios

:::
and

::::::
double

:::::
bond

::::::::
equivalent

::::::
(DBE)

::::::::
compared

::
to
:::::::::::::::::::
non-smoke-influenced

:::::::
samples

::::
(e.g.,

::::::::
biogenic,

::::::
urban,

::
or

:::::
mixed

:::::::
source). This previous analysis,505

which focused on higher molecular weight organic compounds, is consistent with the observed increase in LMWOA with cloud

droplet acidity in the current study, suggesting that
:::::::
aqueous

:::::
phase oxidation of both low molecular weight and high molecular

weight compounds occurs simultaneously under acidic conditions. A similar relationship between DOC and pHTD, fit to an

exponential decay function, was reported by Lawrence et al. (2023).

While measured K+ concentrations in cloud water have been linked to smoke-influence
::::::
smoke-

::::::::
influence, the available cloud510

water dataset cannot be used to directly ascertain the age of smoke plumes. The two extreme smoke events highlighted in this

study suggest that atmospheric aging of smoke during transport over 1-5+ days can substantially alter the chemical properties
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Figure 10. Measured LMWOA concentrations versus estimated cloud droplet pH, colored by the measured potassium ion concentrations,

with marker shape indicating the year that cloud water samples were collected from WFM. The two extreme smoke events highlighted in

Fig. 9 are emphasized here with larger markers, to visualize their relationship within the broader context of the seven-year dataset.

of the smoke-influenced cloud water, consistent with the findings of Joo et al. (2024), who found that aged smoke plumes were

at risk of being misclassified due to the chemical transformations occurring during the aging process. Future work utilizing

comprehensive backtrajectory analysis, in conjunction with satellite observations and potentially other in-situ chemical markers515

like NOx and NOy, is needed for robust assessment of smoke plume age on LMWOA concentrations and cloud droplet pH.

4 Conclusions

This study presents a comprehensive seven-year summertime dataset of three major Low Molecular Weight Organic Acids

(LMWOA, i.e., formate, acetate and oxalate) in cloud water collected via semi-automated sampling from atop Whiteface

Mountain (WFM) 2018-2024. While multiple labs and methods were utilized to complete these long-term measurements, the520

analytical methods used in the study are appropriate, transparent and reproducible. Based on a systematic spray test of the cloud

collection equipment at the WFM summit with prepared aqueous solution of known sulfate and organic acid concentrations,

and repeated analyses after long-term freezer storage, we show that frequent rinses, in-line filtration, refrigeration and timely

analysis are crucial for preservation of LMWOA, to minimize both volatilization and microbial degradation prior to offline

chemical analyses.525

The present study offers insights into the seasonal variability and sources of LMWOA, as well as assessing relationships

between LMWOA, Dissolved Organic Carbon (DOC), surplus ammonium and acidity. Measured formate and acetate concen-
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trations exhibited seasonal changes consistent with local emissions of Biogenic Volatile Organic Compounds (BVOC). The

robust relationship between oxalate and DOC, with slightly higher slope under high oxidant loadings (associated with elevated

ozone mixing ratios), is consistent with in-cloud secondary production of oxalate from its precursors, e.g., volatile dicarbonyls530

like glyoxal and methylglyoxal (Ervens et al., 2011; Lim et al., 2013).
::
In

:::
our

:::::::
dataset,

:::
the

::::::::::::::
oxalate-to-sulfate

::::
ratio

:::::
(slope

::
≈

::::::
0.079,

:::
Fig.

:::
S8)

::
is
::::::
higher

::::
than

:::
the

:::::
global

::::::
aerosol

:::::::
median

::::::::::::::
oxalate-to-sulfate

:::::::
(0.0217)

:::::::
reported

:::
by

::::::::::::::::
Hilario et al. (2021)

:
,
:::::
while

:::
still

::::::
falling

:::::
within

:::
the

:::::::
broader

::::::::
variability

::::::::
observed

::::::
across

:::::::::
worldwide

::::::
aerosol

::::::::::
campaigns,

:::::
where

:::
the

::::::
highest

::::::
values

:
(
:::::
0.35)

::::
were

:::::::::
associated

::::
with

:::::::::::::::
anthropogenically

:::::::
polluted

:::
air

::::::
masses

:::
and

::::::::::
sometimes

:::::::::
influenced

::
by

::::::
coarse

::::::
aerosol

:::
or

::::::
smoke

:::
and

::::::
lowest

::::::
values

:
(
:::::
0.01)

:::::::::::
corresponded

::
to

:::::::
cleaner,

:::
less

:::::::
polluted

::
or

:::::::
weakly

::::::::
processed

:::
air

::::::
masses.

:
535

The correlation between surplus ammonium and LMWOA reinforces their linkage in cloud chemistry. LMWOA can pair

with NH+
4 (Sorooshian et al., 2006; Herrmann et al., 2015) after NH+

4 neutralizes sulfate (SO2−
4 ) and nitrate (NO−

3 ). The

growing surplus of NH+
4 relative to SO2−

4 and NO−
3 highlights that the role of organic acids in ammonium partitioning has

changed, driven in-part by long-term reductions in SO4 concentrations due to dramatic reductions in SO2 emissions (Lawrence

et al., 2023), while NH3 emissions have remained stable or may have even increased (Guo et al., 2017; Yu et al., 2018).540

In spite of significant improvements to ion balance with inclusion of LMWOA in the present study, a significant ion imbal-

ance remains. Furthermore, the missing acid fraction is shown to be growing on an annual median basis over this seven-year

study, with the majority of cloud droplet acidity unaccounted for by the measured SO2−
4 , NO−

3 , NH+
4 and LMWOA concen-

trations over the past several years.

The current study also highlights two extreme wildfire smoke events, both from Boreal wildland forest fires in Canada, but545

at two different locations upwind of WFM and in two different years. Comparison of the two events highlights the importance

of transport path and aging on the wildfire smoke influence on cloud water chemical composition. Enrichment in LMWOA for

the "Fresh Smoke" event drives cloud droplet acidity, whereas the acidity of cloud droplets in the "Aged Smoke" event remains

entirely unaccounted for by the measured analytes (including LMWOA), suggesting that other unmeasured organic acids or

other organic anions (Roberts et al., 2011) are contributing substantially to acidity, which would require additional chemical550

analyses to evaluate.

In this study, we present the first long-term dataset of LMWOA in North American cloud water, further documenting the

well-known shift from inorganic to organic dominance in cloud water chemistry post Clean Air Act (CAA). The current study

underscores the need to extend routine cloud water organic chemistry measurements to a broader suite of organic acids, as the

LMWOA measured in this study is shown to play an important role in cloud droplet acidity, but a substantial and growing555

fraction of the cloud droplet acidity remains unaccounted for.
::::
FTIR

:::::::::::
spectroscopy

::::::
would

::
be

:
a
::::::::
valuable

:::::::
addition

::
to

::
the

:::::::::
analytical

:::::::::::
measurement

::::
suite

:::::
since

:
it
::::
can

::::::
provide

::::
bulk

::::
total

:::::::
organic

::::
acid

::::::::::
equivalents,

:::::
which

::::::
would

::::::::::
complement

:::
the

:::
ion

::::::
budget

:::
the

:::::
most

:::::::::::::::::::::
(Coury and Dillner, 2008).

:
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