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ABSTRACT

Ambient atmospheric aerosol particles impact human health, visibility, Earth’s radiation

balance, and cloud formation. To better constrain the impacts of ambient aerosol particles,

weather and climate forecast and reanalysis models require accurate and robust measurements

from spaceborne remote sensing platforms. Prior to being utilized on spaceborne platforms,

suborbital field campaigns (e.g., aircraft platforms) are being leveraged to design and validate

the accuracy of aerosol particle properties that are retrieved from remote sensing instruments.

Direct (i.e., in-situ) measurements of intrinsic and extrinsic aerosol particle properties serve

as the primary method to validate the remote sensing retrievals and improve the assumptions

that are used within weather and climate models. This work utilizes data from three intensive

research campaigns to characterize the horizontal and vertical distribution and composition

of several important natural and anthropogenic ambient aerosol types.

The first study presented in this work utilizes in-situ aerosol concentration and meteoro-

logical data gathered from MONterey Aerosol Research Campaign (MONARC), which was

carried out in May–June 2019 and featured 14 repeated identical flights off the California

coast over the open ocean at the same time each flight day. This study identified four

meteorological regimes during MONARC with each corresponding to different characteristic

vertical and horizontal distributions of supermicrometer sea salt aerosol number and volume

concentration (N>1 and V>1, respectively). Furthermore, machine learning analysis was used

to show that the relative predictive strength of various marine boundary layer properties

varied depending on predicting N>1 or V>1. Marine boundary layer depth was more highly

ranked for predicting N>1 but turbulent kinetic energy was higher for predicting V>1.

The second study presented in this work focuses on analyzing the presence and evolution

primary and secondary anthropogenic aerosol species in Incheon and Seoul, South Korea.

This work examines measurements of size-resolved aerosol composition at a ground site in

Incheon along with other aerosol characteristics for contrast between Incheon (coastal) and

Seoul (inland), South Korea, during a transboundary pollution event during the early part of

an intensive sampling period between 4 and 11 March 2019. Select findings resulting from

this analysis are (i) secondarily produced inorganic and organic acids exhibited significant

mass concentrations above 0.94 µm during the pollution event and (ii) a high correlation (r

= 0.95) between oxalate and sulfate was identified, which a marker of secondary aqueous

production of oxalate.
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The final study presented in this work proposes a simple method to derive vertically-

resolved aerosol particle number concentration (Na) using combined polarimetric and lidar

remote sensing observations and validates it using collocated in-situ measurements taken in

the first two Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment

(ACTIVATE) deployments. In this study, the lidar+polarimeter Na was found to agree to

within 105% for 90% of the collocated in-situ Na data. This method provides a simple and

direct approach to corroborate the results from such complex retrievals, particularly for

simpler cases of single or two-layer aerosol systems.
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CHAPTER 1

INTRODUCTION

1.1 OVERVIEW OF AMBIENT AEROSOL SPECIES AND CHARACTERISTICS

Ambient aerosol particles are classified as either primary or secondary aerosol particles.

Primary aerosol particles are those emitted directly from the Earth’s surface and include

species such as sea salt, dust, biological species (e.g., pollen), and smoke. Secondary aerosol

particles are particles formed in the atmosphere via gas precursors, such as how sulfur dioxide

eventually leads to sulfate particles. The various primary and secondary aerosol species have

particles that vary drastically in their size, composition, and shape. These particles range in

particle diameter (D) from ∼0.001 to ∼100 µm, can be composed of inorganic and organic

compounds, and can vary in shape from spherical to chain aggregates or irregular particles.

The amount (e.g., concentration) of each particulate species present in the atmosphere

also varies due to the differences in the mechanisms of their formation and removal. Figure 1,

which is taken from Hussein et al. (2005a), illustrates an idealized ambient aerosol particle

size distribution based on the dominant formation, transformation, and removal mechanisms.

This idealized particle size distribution illustrates how the majority of aerosol particle

species are associated with one of three overlapping fine-modes (i.e., Nucleation, Aitken, and

Accumulation) but there are several species of particles that comprise a coarse-mode.

Differences in the size, composition, shape, and concentration correspond to unique

impacts that each ambient aerosol species has on impacting human health, visibility, the

Earth’s radiation budget, and the hydrological cycle. The multidimensional complexity of

ambient aerosols means that each species poses its own challenge when being accounted

for within reanalysis and forecasting models. For example, sea salt aerosol (SSA) particles

emitted from the surface of the ocean have been linked to the largest mass emission flux

of all aerosol types and SSA particles have large impacts on the global radiation balance

(Andreae and Rosenfeld, 2008). In large part due to a limitation in the understanding of

emission mechanisms of SSA particles, there remains a large disagreement in the life cycle

(e.g., emissions, transport, and deposition) of SSA particles from general circulation models,

with model diversity reaching up to 199% (Textor et al., 2006; Keene et al., 2017). The

inability to accurately simulate the horizontal and vertical distribution of SSA particles limits

our ability to reliably predict the impacts these particles have on both clouds and the global
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Figure 1. Idealized schematic of an atmospheric particle number size distribution as
described in Hussein et al. (2005a). Annotated with principal modes, sources, and particle
formation and removal mechanisms. Modified from Hussein et al. (2005b).

radiation balance (Fei et al., 2019). Anthropogenic species aerosol species also present unique

challenges for reanalysis and forecasting models

Aerosol species derived from anthropogenic emissions are emitted (or formed) from point

sources, have compositions that vary depending on source, and readily react and transform

after they are emitted. Pollution sources can include biogenic emissions, urban and vehicular

emissions, shipping emissions, industrial activities, and biomass burning (Park et al., 2021).

Emissions from these sources can impact the area directly surrounding the source, can be

transported to nearby downwind regions via transboundary events (Lee et al., 2021; Peterson
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et al., 2019), or they can be transported great distances via high-level winds to impact

regions that are thousands of miles from the source (Stohl and Trickl, 2001; Han et al., 2019).

Ammonium sulfate and ammonium nitrate are formed from predominately anthropogenic

emissions of sulfate (SO2−
4 ) and nitrate (NO−

3 ) and account for a significant portion of the

aerosol mass in areas in and downwind of anthropogenic emissions (Hand et al., 2019).

One example of a limitation that models have when predicting the presence of these

species, is that they yet to adequately capture SO2−
4 formation in East Asian haze events

as they generally underestimate SO2−
4 in haze (Shao et al., 2019). In addition, a study

resulting from Korea-United States Air Quality (KORUS-AQ) field campaign also revealed

that NO−
3 formation in haze may be simultaneously overestimated resulting in errors in aerosol

liquid water content and other modeled properties (Jordan et al., 2020). Measurements of

intrinsic and extrinsic aerosol particle characteristics are required to validated forecasting

and reanalysis models, as well as find and address the limitations of these models, such as

those mentioned above.

Intrinsic aerosol particle characteristics are those that do not change with the amount of

particles present, which includes the size (e.g., D), shape, and composition. Extrinsic aerosol

characteristics are those that depend on the amount (e.g., concentration) of particles can be

measured directly using inlets and tubing to sample an air parcel using a host of instruments

(i.e., in-situ sampling), but can also be derived from remote sensing instruments. Both in-situ

and remote sensing instruments can be leveraged by mounting them at stationary ground

sites, on marine vessels, and on aircraft. When particle characteristics are sampled with

in-situ instruments they are generally very reliable, but have limited spatial resolution as

they only sample a single air parcel at a given time and altitude. Remote sensing instruments

have the complication of retrieving the aerosol characteristics indirectly but can provide the

retrieved aerosol characteristics at multiple levels in a column of air rather than a single air

parcel at one altitude.

1.2 EXPLANATION OF DISSERTATION FORMAT

This dissertation contains two works that have passed peer-review in academic journals, as

well as a description of a one work that are currently going through the peer-review process

in academic journals.
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The first study presented is “Relationships Between Supermicrometer Sea Salt Aerosol and

Marine Boundary Layer Conditions: Insights From Repeated Identical Flight Patterns”, which

was published in the Journal of Geophysical Research: Atmospheres (Schlosser et al., 2020).

This study aimed to address the nature and character of supermicrometer sea salt aerosol

(SM-SSA) particles in the marine boundary layer (MBL) over the northeastern Pacific Ocean

by examining flight data from the 2019 MONterey Aerosol Research Campaign (MONARC).

A description of this work can be found in Section 2.1 and the published manuscript can be

found in Appendix A.

The second study presented, “Evidence of haze-driven secondary production of supermi-

crometer aerosol nitrate and sulfate in size distribution data in South Korea”, was submitted

to Atmospheric Chemistry and Physics and is currently in the discussion phase of the

peer-review process (Schlosser et al., 2022). This work relied on a unique set of in-situ

measurements of gas, aerosol, and meteorological data collected from ground stations at

Incheon and Seoul, South Korea, during a major transboundary pollution event that impacted

the Korean peninsula in March 2019 in conjunction with reanalysis data to analyze aerosol

transport and formation processes. A description of this work can be found in Section 2.2

and the final version of the manuscript that was submitted for peer revision can be found in

Appendix B.

The final study presented is “Polarimeter + lidar derived aerosol particle number concen-

tration”, which was accepted by Frontiers in Remote Sensing – Satellite Missions. In this

study we provided a simple and direct approach to derive vertically-resolved aerosol number

concentration from collocated polarimeter-lidar measurements and presented an initial vali-

dation of this product using collocated in-situ and remote sensing data gathered during the

first two deployments of Aerosol Cloud meTeorology Interactions oVer the western ATlantic

Experiment (ACTIVATE) in 2020. A description of this work can be found in Section 2.3

and the final version of the manuscript that was accepted can be found in Appendix C.
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CHAPTER 2

STUDY DESCRIPTION

2.1 RELATIONSHIPS BETWEEN SUPERMICROMETER SEA SALT AEROSOL AND

MARINE BOUNDARY LAYER CONDITIONS: INSIGHTS FROM REPEATED IDEN-

TICAL FLIGHT PATTERNS

Although it has been understood for some time that the primary mechanism for emission of

sea salt aerosol particles into the atmosphere is the bursting of bubbles at the ocean surface

and then transported by surface-level winds (Andreas, 1998), only a fraction of the near

surface SSA mass concentration in the MBL can be explained by wind speed alone (Keene

et al., 2017; Hanley et al., 2010; Reid et al., 2001). Horizontal and vertical profiles and fluxes

of SSA in the MBL have also been noted to be influenced by sea surface temperature (SST)

(Jaeglé et al., 2011; Salter et al., 2015), MBL stability (Monahan et al., 1986; Stramska and

Petelski, 2003), wave kinematics (Lenain and Melville, 2017; Zhao and Toba, 2001), ocean

salinity (Sofiev et al., 2011; Zábori et al., 2012), drizzle rate (Dana and Hales, 1976; Skartveit,

1982), MBL depth (Lewis and Schwartz, 2004), and the synoptic scale air path (i.e., fetch)

(Wu, 1975).

The degree with which any of the above conditions influence atmospheric SSA fluxes

and number concentration varies between independent studies (Barthel et al., 2019; Veron,

2015; Veron et al., 2012). Supermicrometer sea salt aerosol (SM-SSA) particles are of special

interest in this study as they can account for ∼61% of the global aerosol optical depth (AOD)

burden (Fei et al., 2019) and are sufficiently large to serve as giant cloud condensation nuclei

(GCCN) (Feingold et al., 1999; Johnson, 1982; Kogan et al., 2012). Aircraft mounted with

in-situ instruments have been used to demonstrate that the presence of GCCN, even at

very small number concentrations (10−4 – 10−2 cm−3), significantly enhances the drizzle

rate in marine stratocumulus clouds (Jung et al., 2015). Despite their utility for studying

atmospheric SM-SSA, there have been only a few airborne studies that have directly measured

vertical and horizontal distributions of SM-SSA concentrations within the MBL with the

intent of probing the physical processes that control those distributions (e.g., Lenain and

Melville, 2017; Murphy et al., 2019; Reid et al., 2001).

The MONterey Aerosol Research Campaign (MONARC) occurred from May to June

2019 and featured repeating identical flight paths off the California coast at the same time
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each flight day to measure 2-D profiles of SM-SSA particles. This statistical approach of

airborne data collection provided a data set that could be tested with machine learning

regression techniques to determine what MBL properties were most influential for predicting

near surface (<60 m) SM-SSA particle number and volume concentrations (N>1 and V>1,

respectively). The MBL properties examined in this study include wind speed and direction,

ambient temperature (Tamb), sea surface temperature (SST), turbulent kinetic energy (TKE),

relative humidity (RH), MBL depth, and cloud-base drizzle rate (rcb). This study used the

airborne in-situ data collected from MONARC to address the following questions: (i) What

was the meteorological backdrop during the MONARC campaign and how did the N>1 and

V>1 vary in different meteorological regimes encountered?; (ii) how were SM-SSA particles

distributed within the MBL, both vertically and horizontally with respect to offshore distance,

under varying MBL conditions?; (iii) how are MBL conditions related to SM-SSA number

and volume concentrations, especially at the near surface level?; and (iv) how well can MLR

models predict near surface SM-SSA number and volume concentrations?

The methods presented in this work can be applied to similar data sets from different

regions and the MBL regimes and predictive models can also be utilized by future investigators

to compare against other models and near surface measurements. Select results from this

study are as follows in order of the questions laid out in the previous paragraph: (i) four

meteorological regimes were identified during MONARC with each resulting in different N>1

and V>1 concentrations and also varying horizontal and vertical profiles; (ii) MBL depths

>400 m (<200 m) often correspond to lower (higher) N>1 and V>1 concentrations; (iii)

N>1 and V>1 exhibit an overall negative relationship with rcb, SST, and RH and an overall

positive relationship with Tamb; (iv) the relative predictive strength of the MBL properties

varies depending on predicting N>1 or V>1, with MBL depth being more highly ranked for

predicting N>1 and with TKE being higher for predicting V>1.

2.2 EVIDENCE OF HAZE-DRIVEN SECONDARY PRODUCTION OF SUPERMICROM-

ETER AEROSOL NITRATE AND SULFATE IN SIZE DISTRIBUTION DATA IN

SOUTH KOREA

Direct emission control policies are responsible for reducing primary pollutant concentrations

over time (e.g., lead, carbon monoxide, and sulfur dioxide), but there has been less success to
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reduce levels of secondarily formed pollutants associated with particulate mass of particles

with diameters less than 2.5 µm (PM2.5) (Kim and Lee, 2018). Transboundary pollution

events stemming from areas, such as China, are a common phenomenon leading to significant

aerosol concentrations over large parts of South Korea (Choi et al., 2019a,b; Peterson et al.,

2019; Lee et al., 2019; Eck et al., 2020; Cha et al., 2019). These transboundary pollution

events can impact both coastal and inland parts of the Korean peninsula and include a variety

of aerosol species such as dust (Heim et al., 2020; Kim et al., 2012), industrial and agricultural

burning emissions (Lamb et al., 2018), sea salt (Lee et al., 2018), and wildfire plumes from

Siberia (Lamb et al., 2018). Aerosol particles transported by these transboundary pollution

events are added to and can interact with the local pollution sources. While the significance of

long-range transport on the Korean peninsula’s air quality has been demonstrated (Lee et al.,

2021; Koo et al., 2018), the relative contributions of transboundary versus local emissions

still remains unconstrained.

Aerosol composition provides important evidence for impacts of meteorology and atmo-

spheric circulation on particulate mass concentrations, which important to reproduce in

models and are sometimes challenging. This study utilized a dataset of size-resolved aerosol

particle composition, gas composition, and ambient meteorological parameters (e.g., ambient

temperature, pressure, and humidity), which was measured at a ground site during a major

transboundary haze pollution episode in March 2019 in Incheon, to expand on past evidence

for these impacts and to help interpret observations from the larger network of ongoing

Korean observations. Aerosol mass and gas composition data, as well as meteorological data,

were also measured at Seoul during this event, which is east and inland of the coastal city on

Incheon. Having measurements at these sites allowed for the detailed analysis of PM2.5 levels

between the sites. This comparison is important as higher PM2.5 levels at Seoul suggests

local PM2.5 production (Eck et al., 2020; Jordan et al., 2020).

The intensive sampling period occurred from 4 and 11 March 2019 and there was a major

regional haze pollution event that impacted Incheon and Seoul monitoring sites. The haze

event lasted for approximately the first three days and then the air quality improved between

7 and 11 March. Based primarily on PM2.5, there was a “polluted”, “transition”, and “clean”

regimes that were identified during this period. In addition to these measurements, two

reanalysis models were leveraged to provide information on the transport pathways of the

aerosol particles sampled during the intensive study period.
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The results of this work revealed the following notable features that are important for both

regulatory purposes and general understanding of aerosol particle transport and formation

processes: (i) the pollution event stemmed from westerly transport under meteorological

conditions that promoted secondary inorganic aerosol production in Incheon and Seoul,

which was most pronounced in Seoul due to favorable environmental conditions (i.e., low

temperatures, elevated humidity, and a shallow boundary layer); (ii) secondarily produced

inorganic and organic acids exhibited significant mass concentrations above 0.94 µm dur-

ing the polluted period (∼40% of the total mass), and their size-resolved concentrations

were highly correlated (0.94 ≤ r ≤ 1.00); (iii) higher humidities during the polluted period

were coincident with increased sulfur and nitrogen oxidation ratios, which highlights the

importance of heterogeneous processing and hygroscopic growth in contributing to the high

supermicrometer concentrations of inorganic and organic acids in the polluted period; and

(iv) the apportionment of water-soluble ions in PM2.5 composition is demonstrated to be fully

captured by the submicrometer fraction for haze pollution.

2.3 POLARIMETER + LIDAR DERIVED AEROSOL PARTICLE NUMBER CONCEN-

TRATION

As airborne and spaceborne remote sensing platforms are increasingly used to understand

atmospheric aerosols and their role in the environment, it is important to achieve closure

between optical and microphysical properties derived from remote sensing measurements

versus standard in-situ measurements of aerosols. The NASA ACTIVATE mission allows

for such an opportunity as it features airborne measurements from a polarimeter, lidar, and

standard in-situ instruments. The first and second ACTIVATE deployments were carried out

in 2020 from 14 February to 12 March and from 13 August to 30 September 20, respectively,

which resulted in 35 joint science flights with two aircraft flying in synchronous flight patterns

(Sorooshian et al., 2019). One of the two ACTIVATE aircraft, a King Air, was collecting

remote sensing data (i.e., polarimetry and lidar) while flying at high altitudes between 8 and

9 km. Simultaneously, the second aircraft, a HU-25 Falcon, was collecting in-situ data while

operating between the ocean surface and the top of the MBL. Throughout ACTIVATE, these

two aircraft operated with close spatio-temporal proximity (within 6 minutes and 15 km) to

each other whenever possible.
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The Research Scanning Polarimeter (RSP) is a multi-angle and multi-channel passive

polarimeter, which allows for accurate retrieval of column-averaged fine- and coarse-mode

aerosol characteristics (Cairns et al., 1999; Stamnes et al., 2018). The RSP has a field of view

of 14 mrad which results in a ∼126 m footprint for an aircraft at 9 km altitude. To retrieve

aerosol particle characteristics from the RSP measurements, the RSP-MAPP algorithm (v1.48)

inverts RSP data under the assumption of a bimodal aerosol size distribution to retrieve

spectral fine- and coarse-mode AOD. This bimodal aerosol model works well, because the

RSP is not very sensitive to particles with D ≲ 100 nm. The RSP-MAPP algorithm retrieves

spectral column-averaged fine- and coarse-mode σext (σext,f and σext,c, respectively). The

RSP-MAPP algorithm also provides an estimate of fine- and coarse-mode column-averaged

Na (Na,f and Na,c, respectively). The column-averaged aerosol particle number concentration

derived from the RSP data (NRSP) is defined as the following:

NRSP = N̄a =
AOD

σ̄ext × ATH
, (1)

where we explicitly use a bar to represent the column-averaged polarimeter-retrieved aerosol

cross-section and number concentration. The AOD and σext are referenced at 532 nm. Both

AOD and NRSP are, in part, governed by a retrieval of the aerosol top height (ATH, Wu

et al., 2016). The RSP-MAPP retrieves the ATH under the assumption that the fine-mode

size and composition are uniform throughout the column, and as a result the fine-mode σext

is implicitly retrieved as a uniform value.

The multi-wavelength High Spectral Resolution Lidar (HSRL-2) is an advanced active

lidar that produces ambient vertically-resolved backscattering and extinction coefficients and

ambient linear depolarization ratio (LDR) at wavelengths of 355, 532, and 1064 nm, (Hair

et al., 2008; Burton et al., 2018; Fernald et al., 1984). The HSRL-2 field of view is 1 mrad,

which corresponds to a ∼9 m footprint for an aircraft at 9 km altitude. Similar to the RSP,

the HSRL-2 is not very sensitive to particles that fall in or below the Aitken size range (Burton

et al., 2016). The HSRL-2 can also provide AOD by using the difference in the molecular

channel signals at the top and bottom of the layer. To limit the scope of this analysis to

spherical particles, LDR is used to filter out non-spherical from the dataset (Burton et al.,

2013). A LDR threshold of >13% was used to filter out non-spherical particles from the

analysis (Painemal et al., 2021; Corral et al., 2021). A previous study demonstrated a median

relative bias between HSRL-2 lidar- and in-situ-derived Na of 33% and 47%; the lidar-derived
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Na was retrieved by inverting HSRL-2-only aerosol products to produce vertically-resolved

Na (Sawamura et al., 2017; Müller et al., 2019).

In this study we proposed and validated a simple method to derive vertically-resolved

aerosol particle number concentration (Na) from combined polarimetric and lidar remote

sensing observations. The expression for deriving Na from polarimeter+lidar data has its

foundation in spherical particle Mie theory (Bohren and Huffman, 1983). The final expression

for the vertically-resolved polarimeter+lidar-derived Na is:

Na ≡ Na(z) = Na,f (z) ≊
αext(z)

σ̄ext,f

≡ αext

σext,f

, (2)

where equation 2 is applied to every altitude bin of the vertically-resolved αext measured by

the HSRL-2 and σext,f is set equal to the column-averaged value retrieved by the RSP. The

resulting lidar+polarimeter vertically-resolved Na were shown to have good closure (median

relative bias = 31%) with collocated in-situ Na data that was measured during the first two

deployments of ACTIVATE in 2020.
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APPENDIX A
RELATIONSHIPS BETWEEN SUPERMICROMETER SEA SALT AEROSOL AND
MARINE BOUNDARY LAYER CONDITIONS: INSIGHTS FROM REPEATED

IDENTICAL FLIGHT PATTERNS
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Relationships Between Supermicrometer Sea Salt Aerosol
and Marine Boundary Layer Conditions: Insights From
Repeated Identical Flight Patterns
Joseph S. Schlosser1 , Hossein Dadashazar1 , Eva‐Lou Edwards1, Ali Hossein Mardi1 ,
Gouri Prabhakar2, Connor Stahl1, Haflidi H. Jonsson3, and Armin Sorooshian1,4

1Department of Chemical and Environmental Engineering, University of Arizona, Tucson, AZ, USA, 2Department of
Atmospheric Sciences, Purdue University, West Lafayette, IN, USA, 3Department of Meteorology, Naval Postgraduate
School, Monterey, CA, USA, 4Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, AZ,
USA

Abstract The MONterey Aerosol Research Campaign (MONARC) in May–June 2019 featured 14
repeated identical flights off the California coast over the open ocean at the same time each flight day.
The objective of this study is to use MONARC data along with machine learning analysis to evaluate
relationships between both supermicrometer sea salt aerosol number (N>1) and volume (V>1)
concentrations and wind speed, wind direction, sea surface temperature (SST), ambient temperature (Tamb),
turbulent kinetic energy (TKE), relative humidity (RH), marine boundary layer (MBL) depth, and drizzle
rate. Selected findings from this study include the following: (i) Near surface (<60 m) N>1 and V>1

concentration ranges were 0.1–4.6 cm−3 and 0.3–28.2 μm3 cm−3, respectively; (ii) four meteorological
regimes were identified during MONARC with each resulting in different N>1 and V>1 concentrations and
also varying horizontal and vertical profiles; (iii) the relative predictive strength of the MBL properties
varies depending on predicting N>1 or V>1, with MBL depth being more highly ranked for predicting N>1

and with TKE being higher for predicting V>1; (iv) MBL depths >400 m (<200 m) often correspond to lower
(higher) N>1 and V>1 concentrations; (v) enhanced drizzle rates coincide with reduced N>1 and V>1

concentrations; (vi) N>1 and V>1 concentrations exhibit an overall negative relationship with SST and RH
and an overall positive relationship with Tamb; and (vii) wind speed and direction were relatively weak
predictors of N>1 and V>1.

1. Introduction

The marine boundary layer (MBL) contains a diverse population of supermicrometer (particle diameter
[Dp] > 1 μm) aerosol types, from primary biological particles and sea salt to entrained continental particle
types such as soil dust and ash (Kelly et al., 2007; Radke et al., 1988) and potentially even ship exhaust
(Sorooshian et al., 2015). Of great importance are sea salt aerosol (SSA) particles emitted from the surface
of the ocean, which have been linked to the largest mass emission flux of all aerosol types (Andreae &
Rosenfeld, 2008). SSA particles significantly impact the earth's energy budget (Collins et al., 2000; Fei
et al., 2019; Haywood et al., 1999; Murphy et al., 1998; Partanen et al., 2014; Takemura et al., 2000), interact
with clouds (Beard & Ochs, 1993; Dadashazar et al., 2017; Dong et al., 2015; Feingold et al., 1999;
Johnson, 1982; Jung et al., 2015; Woodcock, 1952), and both drive geochemical cycles (Boyce, 1954; Keene
et al., 2017; Monahan, 1968) and participate in chemical reactions with gases that can liberate species such
as chloride and bromide (Braun et al., 2017; Graedel & Keene, 1995; Haskins et al., 2019; Skartveit, 1982;
Zhou et al., 2005). The inability to accurately simulate the horizontal and vertical distribution of SSA parti-
cles limits the ability to forecast their impacts in the MBL such as on cloud properties and radiative transfer
(Fei et al., 2019).

There are significant differences in results from general circulation models (GCMs) for the life cycle of SSA
(e.g., emissions, transport, and deposition), with model diversity reaching up to 199% for SSA emissions
(Textor et al., 2006). Keene et al. (2017) provide an especially comprehensive summary of the confounders
of SSA production at the ocean‐air interface, which impact the concentrations of these particles in the
MBL, the latter of which is the focus of this study. It is generally agreed that SSA particles are injected into
the atmosphere by bursting of bubbles at the ocean surface and then transported by surface‐level winds
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Key Points:
• Vertical and horizontal profiles of

supermicron sea salt aerosol
concentrations are related to
synoptic conditions and air mass
history

• Marine boundary layer depth
(turbulent kinetic energy) is the best
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(Andreas, 1998). However, only a fraction of the near surface SSA mass concentration in the MBL can be
explained by wind speed alone (Hanley et al., 2010; Reid et al., 2001). Various aspects of SSA particles
(e.g., horizontal and vertical profiles and fluxes) in the MBL have also been noted to be influenced by sea
surface temperature (SST) (Jaeglé et al., 2011; Salter et al., 2015), MBL stability (Monahan et al., 1986;
Stramska & Petelski, 2003), wave kinematics (Lenain & Melville, 2017; Zhao & Toba, 2001), ocean salinity
(Sofiev et al., 2011; Zábori et al., 2012), drizzle rate (Dana & Hales, 1976; Skartveit, 1982), MBL depth
(Lewis & Schwartz, 2004), and the synoptic scale air path (i.e., fetch) (Wu, 1975). The degree to which any
of the above conditions influence atmospheric SSA fluxes and number concentration varies between inde-
pendent studies (Barthel et al., 2019; Veron, 2015; Veron et al., 2012).

While dry SSA particle diameters range from tens of nanometers to greater than 100 μm (Andreae &
Rosenfeld, 2008; Keene et al., 2007; Lewis & Schwartz, 2004; Mårtensson et al., 2003), supermicrometer
SSA (hereafter referred to as SM‐SSA) particles are of special interest in this study as they can account for
~94% of the global atmospheric SSAmass burden and ~61% of the global aerosol optical depth (AOD) burden
(Fei et al., 2019). Furthermore, the impacts of these larger particles extend to clouds since they are suffi-
ciently large to serve as giant cloud condensation nuclei (GCCN) (Feingold et al., 1999; Johnson, 1982;
Kogan et al., 2012). In certain conditions associated with the amount of cloud liquid water and background
pollution levels (Cheng et al., 2009; Dagan et al., 2015; Feingold et al., 1999; Teller & Levin, 2006), GCCN can
broaden cloud droplet size distributions, leading to larger droplets and faster onset of warm drizzle (L'Ecuyer
et al., 2009). Airborne measurements have confirmed that the presence of GCCN, even at very small concen-
trations (~10−4 to 10−2 cm−3), can significantly enhance drizzle rate in marine stratocumulus (Sc) clouds
(Jung et al., 2015). The very largest sea spray droplets include spume droplets that have diameters generally
exceeding 40 μm (Veron et al., 2012). These droplets play a significant role in exchanging momentum with
the wind and are important for air‐sea heat fluxes (Andreas, 1992). Spume drops are produced when water is
removed off of wave crests at higher wind speeds (>7–11 m s−1) (Andreas, 1995; Veron, 2015).

There have been only a few airborne studies that have directly measured vertical and horizontal distribu-
tions of SM‐SSA concentrations within the MBL with the intent of probing the physical processes that con-
trol those distributions (e.g., Lenain & Melville, 2017; Murphy et al., 2019; Reid et al., 2001). Aircraft
measurements offer the benefit of (i) providing vertically resolved boundary layer information with high spa-
tial and temporal resolution, (ii) offering insight into factors that are related to SM‐SSA concentration and
associated spatial distribution, and (iii) helping to validate findings from laboratory and modeling studies.
Aside from intercomparing SM‐SSA levels with other MBL properties in the form of scatterplots, machine
learning regression (MLR) algorithms are also applied in this study, which can make predictions given
highly complex and nonlinear systems. MLR has been applied to a range of complex systems, such as for
interpretation of mass spectroscopy data (Christopoulos et al., 2018; Marsden et al., 2019), studies of aerosol
mixing states using GCMs (Hughes et al., 2018), and studies related to weather prediction models (Feng
et al., 2018). MLR offers the opportunity to indirectly probe physical processes influencing their concentra-
tions without the constraints of theory‐based frameworks that have failed to provide consensus on concen-
trations and spatial distributions.

The MONterey Aerosol Research Campaign (MONARC) in May–June 2019 involved repeating identical
flight paths off the California coast at the same time each flight day to measure 2‐D profiles of SM‐SSA par-
ticles. This statistical approach of airborne data collection provided a data set that could be tested with MLR
techniques to determine what MBL properties were most influential for predicting near surface (<60 m)
SM‐SSA particle concentrations. The goal of this study is to use the MONARC data to address the following
questions: (i) What was the meteorological backdrop during the MONARC campaign and how did the
SM‐SSA number and volume concentrations vary in different meteorological regimes encountered?; (ii)
how were SM‐SSA particles distributed within the MBL, both vertically and horizontally with respect to off-
shore distance, under varying MBL conditions?; (iii) how are MBL conditions related to SM‐SSA number
and volume concentrations, especially at the near surface level?; and (iv) how well can MLR models predict
near surface SM‐SSA number and volume concentrations? The results of this study have implications for
general understanding of the nature of SM‐SSA particle concentrations in the MBL for all oceanic areas
and for demonstrating the utility of the flight approach taken for future field studies. Note also that while
we hereafter reference SM‐SSA concentrations, our results do not preclude the possibility that other aerosol
types such as biological particles contribute to the concentrations reported here.
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2. Methods
2.1. Field Campaign Description and Flight Strategy

MONARC was carried out between 28 May and 14 June 2019 using the
Center for Remotely‐Piloted Aircraft Studies (CIRPAS) Twin Otter air-
craft. The MONARC had a total of ~70 flight hours spread across 14
research flights (RFs) based out of Marina, California, and with sampling
conducted off the coast over the northeastern Pacific Ocean. Table 1 sum-
marizes pertinent details of each RF, including dates, times, and the
“turnaround point” time, which will be described below. The MONARC
flights were designed to be as repetitive as possible to ensure that flight‐
to‐flight comparisons could be done meaningfully in a statistical way.
Similarly, comparisons were possible at each point along the flight path
at two times on a particular day.

Each RF involved following a straight path fromMarina Airport to a point
as far as possible offshore to the west given fuel limitations and then fol-
lowing the same path back to Marina Airport. Figure 1 shows both the
2‐D flight paths for all the MONARC RFs and separately the 3‐D path
for RF14 as a representation of the “cycle” method employed each RF.
During the straight paths to and from Marina, the Twin Otter went

through repetitive stair‐stepping cycles involving a series of different level legs varying in altitude both below
and above the top of the MBL. The steps involved for each cycle were as follows: near surface leg (~30 m alti-
tude and always <60 m), below‐cloud leg (just below cloud‐base), cloud‐base leg (just above cloud‐base),
cloud‐mid leg (midpoint between cloud‐top and cloud‐base), cloud‐top leg (just below cloud‐top),
wheels‐in leg (just above cloud‐top with aircraft wheels roughly skimming cloud tops), above‐cloud leg
(150 m above cloud‐top), and lastly a descent down to the near surface level to repeat the cycle. The altitudes
of all legs, except for the near surface leg, were set based on the cloud‐base and cloud‐top altitudes. In RFs
where no clouds were present, the altitude at the top of the MBL was used to set approximate altitudes for
each leg, with three legs still below the MBL top and at least two above it. The typical time duration for a
given cycle was between 10 and 40 min, with 11 to 14 cycles usually conducted per ~5 h flight.

At the “turnaround point” for each RF, which was the farthest west point
of the flight (~300 to 400 km offshore), the Twin Otter would perform a
downward spiral down to the near surface level. This spiral was always
initiated at the end of the above cloud leg (150 m above tops) and would
last approximately ~12 min.

2.2. Instrumentation

The Twin Otter carried a myriad of instruments in order to track position
and measure a suite of atmospheric parameters related to meteorology,
aerosols, and clouds. For a complete list and detailed description of all
the instrumentation carried by the Twin Otter along with quality
control/assurance steps, refer to Sorooshian et al. (2018). A short sum-
mary of the instruments used in this study is provided here.

The navigational and meteorological systems on the Twin Otter measure
aircraft position (latitude/longitude and altitude), barometric pressure
(pressure altitude), horizontal and vertical wind velocities, ambient tem-
perature (Tamb), skin surface temperature, and aircraft true air speed.
Measurements of skin surface temperature are taken in this study to be
equivalent to SST as we use data only when collected at an altitude less
than 60 m to prevent any cloud interference and to maximize getting a
measurement of the ocean surface rather than the cloud surface
(Sorooshian et al., 2018). The Twin Otter has a set of wing‐mounted aero-
sol and cloud sampling probes to characterize aerosol and cloud droplet

Table 1
Flight Date, Takeoff and Landing Times (UTC), and Latitude and
Longitude of the Turnaround Point (Most Western Point) for Each
Research Flight (RF) in the MONARC

RF Date Takeoff Landing Lat (°N) Lon (°E)

1 05/28/2019 20:12:30 23:51:35 37.29 −125.33
2 05/29/2019 17:39:32 22:20:00 37.45 −126.41
3 05/30/2019 17:36:43 22:21:32 37.46 −126.55
4 05/31/2019 17:43:32 22:19:01 37.42 −126.25
5 06/03/2019 17:42:03 22:22:54 37.46 −126.53
6 06/04/2019 17:51:22 22:50:18 37.47 −126.70
7 06/05/2019 17:36:49 22:44:14 37.49 −126.69
8 06/06/2019 17:47:19 23:02:25 37.47 −126.69
9 06/07/2019 17:09:31 22:23:50 37.49 −126.70
10 06/10/2019 17:31:59 22:14:13 37.49 −126.71
11 06/11/2019 17:35:25 22:21:27 37.49 −126.71
12 06/12/2019 17:27:12 22:32:01 37.49 −126.72
13 06/13/2019 17:25:47 22:23:48 37.49 −126.74
14 06/14/2019 17:45:48 22:54:57 37.49 −126.72

Note. Dates are formatted as MM/DD/YYYY.

Figure 1. (a) Flight paths for all research flights (RFs) during the
MONARC and (b) a three‐dimensional profile of a representative flight
(RF14 on 14 June 2019), which was similar for all flights. The blue (orange)
trace in (b) is for the first (second) half of the flight.
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size distributions. The probes relevant to this study include the Cloud, Aerosol, and Precipitation
Spectrometer (CAPS; Droplet Measurement Technologies, Inc.), which contains both the cloud and aerosol
spectrometer (CAS) and the cloud imaging probe (CIP). The CASmeasures aerosol and droplet size distribu-
tions for the ambient Dp range between 0.76 and 75.80 μm.

Because the CAS samples aerosol under ambient relative humidity (RH) conditions, the dry Dp range of each
CAS size bin had to be calculated. To do this, the Dp at ambient RH conditions was first converted to Dp at
RH = 80% by using the growth factor parameterization presented by Lewis and Schwartz (2004). Note that
other parameterizations exist such as that of Zieger et al. (2017); however, based on sensitivity calculations,
the percent error for dry Dp values based on the ambient Dp range between 3 and 10 μm at 90% RH is ≤3%
between the two methods. Thus, the conclusions reached here are preserved regardless of which of the two
parameterizationmethods are used. Following Lewis and Schwartz (2004) and Jaeglé et al. (2011), the dry Dp

was subsequently calculated by dividing the Dp at RH = 80% by two. The SM‐SSA number and volume con-
centrations, referred to hereafter as N>1 and V>1, respectively, were calculated using CAS size bins where
the calculated minimum dry Dp was ≥1 μm. The range observed for the upper bound of dry Dp for the
SM‐SSA distributions varied between 14 and 63 μm.

The CIP measures droplet and raindrop number concentrations for the Dp range between 25 and 1,550 μm.
The CIP is used to calculate cloud‐base drizzle rate (rcb) which is calculated using the lower third of clouds. A
PVM‐100A probe was additionally used to measure liquid water content (LWC) using light diffraction
(Gerber et al., 1994).

A cloud water collector was manually protruded out of the fuselage roof when sampling in cloud (Hegg &
Hobbs, 1986). Cloud water samples collected during each RF were analyzed using ion chromatography
(IC; Thermo Scientific Dionex ICS‐2100 system). Of relevance to this study was the measurement of
Na+, which is used here as a tracer for SSA. In contrast, Cl− (the major component of SSA by mass) is
vulnerable to well‐documented depletion reactions in the region (Braun et al., 2017). The reader is
referred to past works for more detailed explanation of the cloud water collection and analysis details
(MacDonald et al., 2018; Wang et al., 2014; Wang et al., 2016). The cloud water data were used to provide
confidence that the use of the CAS data in cloud‐free conditions in the MBL was a meaningful measure-
ment of SM‐SSA. Mass size distributions of sea salt in the study region previously showed that the major-
ity of the mass resides between 1.8 and 5.6 μm (Maudlin et al., 2015; Prabhakar et al., 2014), and thus, the
air‐equivalent mass concentrations of sea salt in cloud water are reflective of SM‐SSA. The discussion in
the supporting information (section S1) shows that V>1 concentration in the MBL (from the CAS probe)
was significantly correlated with cloud water Na+ mass concentration (see Figure S1). The rationale for
relying on the CAS measurements rather than cloud water Na+ is that the former (i) provides size distri-
bution data rather than a bulk mass concentration, (ii) was measured for more cycles, thus providing
more statistics, (iii) includes all aerosol types rather than just SSA although SSA is expected to be domi-
nant, and (iv) is not subject to uncertainties associated with the cloud water probe collection process
(Crosbie et al., 2018).

2.3. Data Processing

As described above, the MONARC flights consisted of conducting repeated cycles, which were composed of
several short level legs at different altitudes within and above the MBL. Each cycle provided consecutive
level legs ranging in altitudes from ~30 m to greater than 150 m above the MBL. The MBL cap is defined
in this study by the altitude at which there was an increase in potential temperature (θ) of 1°C from the mea-
sured value during the near surface level leg. The SM‐SSA and MBL data were grouped into altitude bins,
and the mean of each data parameter was calculated per bin. For example, the near surface altitude bin in
this study ranged from ~30 to 60 m. The second altitude bin ranged from 60 to 100 m, and the remaining
altitude bins were in 50 m increments ranging from 100 to 1,500 m. A total of 31 altitude bins were estab-
lished using this method. The highest bins closest to 1,500 m sometimes registered no data for cycles when
the aircraft never reached as high as 1,500 m.

There were 147 cycles conducted during MONARC, and 73 of these had clouds present. The criteria for hav-
ing clouds present were LWC≥ 0.02 g cm−3 (Dadashazar et al., 2017). Measurements of SM‐SSA taken when
LWC ≥ 0.02 g cm−3 or when RH ≥ 98% were discarded to reduce noise from droplet shatter. Drizzle rate
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calculations (e.g., rcb) were performed using the size distributions measured by the CIP in conjunction with
established relationships between drop size and fall velocity (Feingold et al., 2013). These calculations
assumed homogeneous cloud properties during the duration of an individual cycle. Effective rcb for each
RF (rcb) was calculated by taking the average rcb of cycles with clouds present (i.e., rcb > 0) in the RF, multi-
plying by the number of cycles that measured rcb, and dividing by the total number of cycles in the RF.
Lastly, turbulent kinetic energy (TKE) was calculated as half of the sum of the square of standard deviations
of the vertical and horizontal wind velocity.

2.4. Machine Learning Regression

MONARC data were prepared for supervised MLR by removing as many co‐linear predictors as possible in
order to ensure model complexity was minimal while still yielding a robust model. Supervised MLR algo-
rithms use a training data set, which includes both predictor and response data, to build a predictive model
for estimating the response values of independent data. The average N>1 and V>1 concentrations from the
near surface altitude bin of each cycle are used as separate response variables. Major types of supervised
MLR algorithms include linear regression, regression tree, support vector machine (SVM), regression tree
ensembles, and Gaussian process regression (GPR). While these are the general types of algorithms, there
are subtypes of these that can change the algorithm's performance and improve robustness. In general, each
supervised MLR model performs differently depending on the application and exhibits different strengths
and weaknesses. Many sophisticated methods use the optimization of model learning parameters (known
as hyperparameter optimization) followed by cross‐validation techniques to further improve an algorithm's
accuracy while also preventing overfitting.

As a preliminary step, this study compares the results of different trained and cross‐validated MLR models
using the entire data set for model training without hyperparameter optimization or out of bag (OOB) test-
ing. The following nine categories of MLR models were trained and compared in the preliminary step: (i)
multivariate linear regression (MVLR), (ii) quadratic SVM, (iii) cubic SVM, (iv) Gaussian SVM, (v) gradient
boosted regression tree (GBRT), (vi) bagged regression tree, (vii) exponential GPR, (viii) squared exponen-
tial GPR, and (ix) rational quadratic GPR. The preliminary comparison step is followed by rigorous train-
ing, cross‐validation, and OOB testing of model(s) exhibiting the highest accuracy. In order to further
improve the predictive value of the supervised MLR process, OOB testing was performed by splitting the
data set into two parts, which are defined as the training/cross‐validation set and the testing set. The
training/cross‐validation set includes a random selection of 70% of the data set, while the testing set com-
prises the remaining 30%. This training process also involved hyperparameter optimization using grid‐
search, which tries all combinations of hyperparameters to reduce mean squared error (MSE) of the trained
model.

The final training process was repeated using 100 randomly selected data samples to prevent over‐ or
under‐estimation of predictive robustness. After the final training process was complete, the 100 trained
models were analyzed further for more information such as identifying predictors of most importance.
Finally, the model sets with the best results for predicting N>1 and V>1 concentrations are presented.
Supervised MLR for all models was performed with the MATLAB (2019b) Statistics and Machine
Learning Toolbox™. The cross‐validation procedure used for all models is termed k‐fold cross‐validation,
which involves resampling of training data. The k‐fold cross‐validation step reduces bias and improves
robustness of model predictions, especially for a limited data sample size. The number of folds used for
cross‐validation in this study is 5 (i.e., k = 5) as this has been shown to provide maximal model prediction
robustness while providing minimal bias (James et al., 2013).

The following measurements were chosen to capture the physical processes that are thought to
influence N>1 and V>1 concentrations: near surface values of horizontal wind speed, horizontal wind
direction, SST, Tamb, RH, and TKE, in addition to MBL depth, and rcb. The magnitude of TKE is related
to the amount of turbulence present in the MBL, which has been shown to be related to SM‐SSA
vertical transport in the study region (e.g., Dadashazar et al., 2017). The MLR analysis was run using
the cycle‐averaged measurements from the 147 cycles as inputs, and it should be noted that it is possi-
ble that some of the measurements are not necessarily independent despite being separated by space
and time.
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3. Results and Discussion
3.1. Synoptic and Meteorological Conditions

The lifetime of SM‐SSA can last up to several days owing to the mixing velocity in the MBL exceeding the
settling velocity. While the local state is often used to predict SSA characteristics in the MBL, this is not fully
comprehensive as larger‐scale conditions canmatter including air mass history. This section provides a sum-
mary of the broader conditions impacting the study region during MONARC, including a description of four
distinct synoptic and meteorological regimes that were observed. These regimes were determined based on
500 mb isobaric charts (www.wpc.ncep.noaa.gov), 72 hr back‐trajectories using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model from NOAA (Stein et al., 2015), as well as MBL depth
(Table 2), rcb (Table 3), and flight‐averaged values of near surface Tamb, wind speed, and wind direction.
The HYSPLIT simulations were conducted with an ending altitude of 50 m at three distinct points along
the flight path (Figure 2) using the meteorological data from the Global Data Assimilation System
(GDAS) 1° × 1° HYSPLIT meteorological data set.

The first four (RF01–RF04) and the last two (RF13–RF14) RFs of
MONARC (Regime 1) were characterized by the presence of a
low‐pressure trough located to the north and over the operational area
and a high‐pressure ridge located to the west of the operational area.
The synoptic state of Regime 1 corresponded to Tamb ranging from 12°C
to 14°C, an air mass moving over the open ocean from the northwest,
wind speeds between 7 and 13 m s−1, MBL depth between 330 and
520 m, and rcb between 0.03 and 0.97 mm day−1. During Regime 2
(RF05–RF07), a high‐pressure ridge moved over the operational area
and low‐pressure troughs set up to the east and to the northwest of the
operational area. The synoptic state of Regime 2 corresponded to Tamb

ranging from 12°C to 14°C, an air mass moving from the north along
and over the northern coast of California, wind speeds between 10 and
13 m s−1, MBL depth between 230 and 420 m, and rcb between 0.00 and
0.02 mm day−1.

Regime 3 (RF08–RF09) was characterized by the presence of a
low‐pressure trough located to the north and directly over the operational
area and a high‐pressure ridge located just to the east of the operational
area. The synoptic state of Regime 3 corresponded to Tamb from 12°C to
13°C, an air mass moving from the northwest over the open ocean,

Table 2
Average Values Derived From Near Surface (<60 m) Measurements From Each RF for Ambient Air Temperature (Tamb), Sea Surface Temperature (SST), Relative
Humidity (RH), Turbulent Kinetic Energy (TKE), Horizontal Wind Speed and Direction, and the Open Ocean (~400 km From Coast) Marine Boundary Layer
(MBL) Depth

Regime RF Tamb (°C) SST (°C) RH (%) TKE (m2 s−2) Wind speed (m s−1) Wind direction (°) MBL depth (m)

1 1 12.6 (0.2) 13.2 (0.4) 89 (1) 0.10 (0.09) 11.4 (1.2) 327 (9) 378 (14)
1 2 12.7 (0.3) 13.4 (0.4) 89 (4) 0.15 (0.14) 13.2 (1.4) 330 (4) 377 (13)
1 3 12.1 (0.3) 13.1 (0.4) 94 (2) 0.09 (1.08) 9.7 (1.5) 326 (8) 327 (14)
1 4 12.6 (0.4) 13.1 (0.3) 92 (2) 0.15 (0.14) 12.2 (2.1) 335 (4) 425 (14)
2 5 12.7 (0.7) 13.3 (0.5) 88 (5) 0.14 (0.13) 10.7 (2.4) 337 (10) 423 (14)
2 6 13.2 (0.5) 12.9 (0.8) 84 (2) 0.14 (0.13) 12.1 (1.9) 334 (5) 273 (17)
2 7 13.2 (0.3) 13.4 (0.5) 93 (4) 0.15 (0.15) 11.9 (2.9) 329 (6) 227 (14)
3 8 12.8 (0.4) 12.9 (0.7) 79 (5) 0.14 (0.13) 12.1 (1.3) 330 (9) 674 (15)
3 9 12.6 (0.6) 12.6 (0.8) 77 (3) 0.19 (0.18) 14 (1.7) 329 (40) 724 (14)
4 10 17.2 (3.5) 13.4 (1.4) 70 (19) 0.05 (1.77) 6.1 (2.1) 169 (138) 227 (13)
4 11 18.8 (2.2) 15.4 (1.1) 63 (18) 0.00 (0.00) 3.2 (1.2) 251 (108) 83 (12)
4 12 15.3 (0.6) 14.4 (1.0) 96 (2) 0.02 (0.01) 6.2 (1.2) 252 (12) 322 (15)
1 13 13.6 (0.3) 14.2 (0.4) 97 (4) 0.03 (0.04) 6.5 (2.4) 310 (45) 328 (14)
1 14 13.3 (0.4) 14.2 (0.3) 90 (4) 0.07 (0.07) 8.8 (2.2) 328 (40) 523 (14)

Note. One standard deviation for each parameter is shown in parentheses.

Table 3
Mean, Maximum, and Minimum Cloud‐Base Rain Rate (rcb) for All Cycles
Measured During Each RF

Regime RF Mean Max Min rcb

1 1 0.05 0.46 0.01 0.03
1 2 1.43 6.27 0.01 0.84
1 3 1.18 2.94 0.36 0.97
1 4 0.74 4.60 0.01 0.59
2 5 0.04 0.50 0.00 0.01
2 6 0.00 0.00 0.00 0.00
2 7 0.04 0.15 0.00 0.02
3 8 0.00 0.00 0.00 0.00
3 9 0.00 0.00 0.00 0.00
4 10 0.00 0.00 0.00 0.00
4 11 0.00 0.00 0.00 0.00
4 12 0.02 0.07 0.00 0.00
1 13 0.22 1.75 0.00 0.22
1 14 0.26 3.06 0.01 0.23

Note. Also listed is the effective rain rate (rcb) observed during each RF.
Units of rcb and rcb are given in units of mm day−1.
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wind speeds between 12 and 14 m s−1, MBL depth between 670 and
720 m, and rcb of 0.00 mm day−1. In contrast to the other regimes,
Regime 3 had no cloud presence observed in the study region. Regime 4
(RF10–RF12) had high‐pressure ridges over and to the northwest of the
operational area with a low‐pressure trough to the southwest of the opera-
tional area. The synoptic state of Regime 4 corresponded to Tamb from
15°C to 19°C, a continental air mass moving in from the northeast, wind
speeds from 3 to 6 m s−1, MBL depth between 80 and 320 m, and rcb of
0.00 mm day−1. The Tamb observed during Regime 4 was the highest of
the four regimes.

3.2. Near Surface SM‐SSA Concentrations

In conjunction with a variety of observed synoptic and meteorological
conditions, there was also a range in the near surface N>1 and V>1 con-
centrations observed during MONARC. The RF‐averaged near surface
N>1 and V>1 concentrations ranged from 0.15 to 3.12 cm−3 and from 0.4
to 22.8 μm3 cm−3 (Table 4). The N>1 concentrations are within the
expected range of 10−1 to 10 cm−3 (for the dry Dp range of 0.8 to
3.0 μm) reported by Lewis and Schwartz (2004), and the V>1 concentra-
tion range is slightly wider than the dry volume range of 1 to
12 μm3 cm−3 (for the dry Dp range of 0.7 to 20.0 μm) observed by Reid
et al. (2006). Some of the notable differences in the regime average near
surface N>1 and V>1 concentrations for each regime described in
section 3.1 are as follows (along with ± one standard deviation): (i) N>1

and V>1 concentrations (0.8 ± 0.4 cm−3 and 3.5 ± 6.5 μm3 cm−3, respec-
tively) for Regime 1 were the lowest of the four regimes, coincident with
the highest drizzle rates; (ii) Regime 2 had the highest N>1 concentrations
(2.8 ± 0.9 cm−3) of the four regimes, coincident with reduced drizzle and
relatively thin MBL depths; and (iii) Regime 3 had the highest V>1 con-

centrations (12.3 ± 5.7 μm3 cm−3) of the four regimes, which coincided with cloud‐free conditions and
the highest TKE values (0.16 ± 0.15 m2 s−2).

The RF‐averaged dry volumetric median diameter (VMD), dry count median diameter (CMD), and geo-
metric standard deviation (σg) observed during MONARC (Table 4) ranged from 1.87 to 2.66 μm, 1.72 to

Figure 2. Three‐day HYSPLIT back trajectories ending at 50 m above sea
level for three different points (represented by black dots) along the flight
path sampled during each RF.

Table 4
RF Average of Near Surface Measurements of SM‐SSA Number (N>1) and Volume (V>1) Concentrations, in Addition to
Average Near Surface Size Distribution Characteristics Including Volumetric Median Diameter (VMD), Count Median
Diameter (CMD), and Geometric Standard Deviation (σg)

Regime RF N>1 (cm
−3) V>1 (μm

3 cm−3) VMD (μm) CMD (μm) σg

1 1 0.70 (0.39) 1.9 (1.2) 1.78 (0.23) 1.97 (0.18) 1.21 (0.10)
1 2 0.96 (0.57) 2.4 (2.1) 1.77 (0.44) 1.81 (0.20) 1.31 (0.18)
1 3 0.33 (0.24) 2.2 (25.6) 1.67 (0.75) 1.82 (0.58) 1.22 (0.15)
1 4 0.71 (0.40) 2.3 (2.8) 1.84 (0.58) 1.90 (0.23) 1.27 (0.23)
2 5 2.19 (0.80) 4.8 (2.5) 1.74 (0.30) 1.72 (0.15) 1.37 (0.13)
2 6 3.12 (0.74) 7.1 (2.9) 1.80 (0.36) 1.72 (0.12) 1.40 (0.12)
2 7 3.05 (1.24) 16.1 (9.8) 2.49 (0.53) 2.11 (0.19) 1.43 (0.14)
3 8 1.96 (0.73) 12.0 (5.1) 2.60 (0.35) 2.34 (0.24) 1.42 (0.08)
3 9 1.75 (0.55) 12.5 (6.3) 2.73 (0.50) 2.43 (0.23) 1.43 (0.12)
4 10 2.64 (1.79) 22.8 (26.4) 2.88 (1.17) 2.61 (0.75) 1.41 (0.15)
4 11 0.95 (0.81) 5.1 (4.9) 2.29 (0.62) 2.26 (0.56) 1.33 (0.12)
4 12 2.17 (0.56) 6.6 (2.0) 1.95 (0.16) 1.91 (0.13) 1.33 (0.06)
1 13 0.15 (0.09) 0.43 (0.34) 1.70 (0.24) 1.89 (0.25) 1.20 (0.06)
1 14 2.11 (0.87) 11.7 (7.2) 2.46 (0.51) 2.18 (0.23) 1.41 (0.13)

Note. One standard deviation for each parameter is shown in parentheses.
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2.61 μm, and 1.20 to 1.43, respectively. The average VMD from all MONARC data was ~2.12 μm, which is
comparable to the range reported by Reid et al. (2006) (2.0–2.75 μm) if their Dp at RH = 80% is divided by
two as was done in this study. The CMD range was slightly higher than 0.5 to 2.0 μm, while the σg range
was systematically lower than 1.8 to 2.0 μm, which were both reported by Reid et al. (2001) for the Dp range
of 0.5 to 5 μm. It is postulated that the differences between the CMD and σg of this study and those reported
by Reid et al. (2001) stem from the inclusion of submicrometer SSA into that study's aerosol spectrum. Of the
four synoptic/meteorological regimes, Regime 3 had the highest observed average VMD and CMD, which
were 2.7 ± 0.4 μm and 2.4 ± 0.2 μm, respectively. Regime 1 had the lowest VMDs (1.9 ± 0.5 μm) and
Regime 2 had the lowest CMDs (1.9 ± 0.3 μm) of the four regimes.

3.3. Vertical and Spatial SM‐SSA Distributions

While the previous sections were focused on describing the average near surface N>1 and V>1 concentrations
for different synoptic/meteorological regimes, this section describes the vertical and spatial (Figures 3–5)
profiles of N>1 and V>1 concentrations of those same regimes using representative flights from each regime.
The N>1 and V>1 concentrations of Regime 1 (RF03) were less than ~1 cm−3 and ~2.5 μm3 cm−3, respec-
tively, from the near surface until just below the MBL cap. The N>1 and V>1 concentrations were insensitive
to offshore distance.

The N>1 and V>1 concentrations of Regime 2 (RF06) decreased with increasing distance from shore while
remaining relatively constant from the near surface to just below the MBL cap. N>1 and V>1 concentrations
of this regime ranged from ~1.5 to ~4 cm−3 and from ~6 to ~12 μm3 cm−3, respectively. Similar to Regime 2,
the N>1 and V>1 concentrations of Regime 3 (RF08) decreased with increasing distance from shore. These
concentrations ranged from ~1 to ~3 cm−3 and from ~10 to ~13 μm3 cm−3, respectively. Although the

Figure 3. Vertical profile of total N>1 concentration for (a) RF03 (Regime 1), (b) RF06 (Regime 2), (c) RF08 (Regime 3),
and (d) RF10 (Regime 4). Points are colored by turbulent kinetic energy (TKE).

10.1029/2019JD032346Journal of Geophysical Research: Atmospheres

SCHLOSSER ET AL. 8 of 17

Page 32 of 112



MBL depth of Regime 3 increased greatly (from ~375 to ~900 m) with increasing distance from shore, the
N>1 and V>1 concentrations remained relatively constant from the near surface until just below the MBL
cap at all distances within the study region.

The N>1 and V>1 concentrations observed during Regime 4 (RF10) were relatively constant from the near
surface until just below the MBL cap. The N>1 and V>1 concentrations of this regime were unique in that
they increased with offshore distance. These concentrations ranged from ~1.5 to ~4.5 cm−3 and from ~5
to ~25 μm3 cm−3, respectively.

3.4. Factors Related to Near Surface SM‐SSA
3.4.1. Scatterplots
As demonstrated in the previous sections, different synoptic and meteorological regimes correspond to dis-
tinct N>1 and V>1 concentration ranges and spatial trends. The following sections aim to examine the rela-
tions between near surface N>1 and V>1 concentrations and a variety of MBL properties (i.e., wind speed,

Figure 4. Two‐dimensional horizontal profile of total N>1 concentration with respect to distance from the shore for (a)
RF03 (Regime 1), (b) RF06 (Regime 2), (c) RF08 (Regime 3), and (d) RF10 (Regime 4). The top of the MBL is indicated
with a black line. Cells are colored by N>1 concentration. Blank cells indicate that the aircraft did not fly in that pixel.

Figure 5. Same as Figure 4 except cells are colored by V>1 concentration.
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wind direction, Tamb, SST, TKE, RH, MBL depth, and rcb). Note that cycle‐averaged rcb values are used here-
after rather than those for rcb to capture effects of wet scavenging for each cycle. Figures 6 and 7 illustrate
scatterplot relationships between the near surface N>1 and V>1 concentrations, respectively, and MBL prop-
erties for all 147 cycles of MONARC. The relationships between these concentrations and the MBL para-
meters were highly dynamic and varied depending on regime. Consequently, none of cumulative
scatterplots had a best fit line that was statistically significant with a p value below 0.05. The corresponding
correlation coefficients of each panel are provided in Table S1, with R values ranging from−0.36 to 0.21. The
strongest relationships (regardless of sign) for both N>1 and V>1 were with rcb (R = −0.36 and −0.32,

Figure 6. Scatterplots between cycle‐averaged values of near surface N>1 concentration versus several other
cycle‐averaged MBL conditions.

Figure 7. Same as Figure 6 but for near surface V>1 concentration on y‐axis.

10.1029/2019JD032346Journal of Geophysical Research: Atmospheres

SCHLOSSER ET AL. 10 of 17

Page 34 of 112



respectively). The lack of notable trends discernable from these scatterplots suggests that there are no
well‐defined relations, especially of a linear nature. Consequently, there may be many factors that govern
N>1 and V>1 concentrations such as the previous history of sampled air masses that may outweigh influence
from local conditions.
3.4.2. Machine Learning Analysis
In response to how the previous section showed that scatterplots cannot adequately capture relationships
between SM‐SSA and MBL properties, assuming that they exist in the data set, here we employ a different
approach (i.e., MLR) to determine the best predictors of near surface N>1 and V>1 concentrations
(Figures 8–12). The first step for MLR analysis was to choose a model among the nine categories of MLR
models (e.g., MVLR, three subtypes of SVM, GBRT, bagged regression tree, and three subtypes of GPR).

Figure 8. Partial dependency (PD) plots for different MBL parameters used as predictors for near surface N>1
concentration. The solid‐blue line represents the mean and the dashed‐yellow and dashed‐orange lines signify the
mean plus and minus one standard deviation, respectively.

Figure 9. Same as Figure 8 but for near surface V>1 concentration.
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The preliminary analysis described in section 2.4 found that cross‐validated predictions using the exponen-
tial GPR and GBRT models had the lowest MSE values for both N>1 and V>1 concentrations. As a next step,
the exponential GPR and GBRT models were repetitively trained using random sampling with cross‐
validation, OOB testing, and grid‐search hyperparameter optimization. Table S2 summarizes statistics
resulting from OOB testing of the training of the GPR and GBRT models for predicting both N>1 and V>1

with the same variables shown in the scatterplots (Figures 6 and 7). Table S2 also shows the R2 resulting from
MVLR analysis as a base comparison with the more complex MLRmodels. The exponential GPR models for
N>1 and V>1 have average R

2 values between 0.74 and 0.76, maximum R2 values of 0.91, and minimum R2

values between 0.41 and 0.54. The GBRT andMVLRmodels have lower average R2 values for predicting both
N>1 and V>1 concentrations. The average R

2 values resulting from GBRTmodels for predicting N>1 and V>1

concentrations were 0.71 and 0.60, respectively, while those resulting from MVLR were 0.15 and 0.13,
respectively. Given the robustness of the exponential GPR models as compared to the GBRT and MVLR
models, hereafter the discussion centers around the GPR results with regard to relationships between near
surface SM‐SSA concentrations and other MBL parameters. Note that the analysis is based on local MBL
parameters and does not incorporate aspects associated with the air mass history, which could certainly
be influential and were previously involved with the regime analysis of sections 3.1–3.3 and 3.4.1.

Partial dependency (PD) plots demonstrate how manipulation of one predictor (i.e., wind speed, wind direc-
tion, Tamb, SST, TKE, RH, MBL depth, or rcb), while holding the other predictors constant in value, changes
the response variable (N>1 and V>1) within the model (Figures 8 and 9). With the exception of the last two
predictors, all are near surface values. Increasing values of PDN>1 and PDV>1 indicate that the corresponding
change on the x‐axis for the value of the specific parameter is conducive to higher concentration values.

Figure 10. Surface PD plots for 28 unique pairs of MBL parameters used as predictors for near surface N>1 concentration. Cells are colored by PD of N>1
concentration.
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From these PD plots a variety of relationships were noted to be worthy of discussion. Near surface wind
speed, which has long been used as the primary driver of SM‐SSA emissions (Lewis & Schwartz, 2004;
Monahan & Muircheartaigh, 1980), exhibits varying signs in its relationship with N>1 below (positive)
and above 5 m s−1 (negative). The relationship between wind speed and V>1 concentration is inverse for
nearly the entire range of wind speeds. Concentrations of N>1 and V>1 were generally negatively related
to SST with the caveat that the majority of SST data was below 14°C and within a fairly narrow range.

MBL stability primarily influences the vertical distribution of SSA particles. MBL stability is related to the
vertical profiles of near surface wind speed, Tamb, and RH; however, it is generally parameterized by the dif-
ference between SST and Tamb. Higher (lower) TKE and RH in conjunction with lower (higher) difference
between SST and Tamb corresponds to an unstable (stable) MBL (Lewis & Schwartz, 2004; Monahan
et al., 1986). An unstable MBL will enhance turbulence and entrainment rate, and a stable MBL will sup-
press turbulence and entrainment rate. Enhanced turbulence corresponds to increases in the residence time
of larger SSA particles in theMBL. The PD plots demonstrate that both N>1 and V>1 concentrations are posi-
tively related to Tamb from ~11°C to 15°C, above which the relationship becomes either negative (N>1) or
dampens (V>1). Caution should be used in the interpretation of the trends between Tamb and N>1 and
V>1 concentrations for values of Tamb above 15°C due to a limited number of sample points (13% of the total
data set). The N>1 and V>1 concentrations increase over nearly the entire range of TKE values (especially
when TKE was above ~0.15 m2 s−2). N>1 (V>1) concentrations increase with respect to RH from 40% to
80% (40% to 65%); however, N>1 (V>1) concentration decreases after RH is greater than 80% (65%). Only
10% of the RH data were below 70%, and interpretation of trends below this range should be viewed with
caution.

Figure 11. Same as Figure 10 but for near surface V>1 concentration.
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Higher rcb values correspond to lower N>1 and V>1 concentrations, level-
ing off above 2 mm day−1 at ~0.50 cm−3 and ~1.4 μm3 cm−3, respectively.
The presence of drizzle within theMBL is known to influence SSA particle
lifetime due to wet scavenging (Hoppel et al., 2002) and is usually parame-
terized by statistical methods within transport models (e.g., Dana &
Hales, 1976; MacDonald et al., 2018).

The PD plots show a strong relationship between increasing (decreasing)
MBL thickness and decreasing (increasing) N>1 and V>1 concentrations,
which is presumably because there is a larger (smaller) volume for mixing.
This work agrees with previous work by demonstrating an inverse rela-
tionship between MBL depth and N>1 and V>1 concentrations (Lewis &
Schwartz, 2004).

Figures 10 and 11 show surface PD plots for N>1 and V>1 concentra-
tions, highlighting the 28 possible combinations in which the response
variable can change given the manipulation of two of the six predictors.
A few selected results from these surface PD plots are noteworthy and
also help reinforce findings already presented from the scatterplots
and MLR results in Figures 8 and 9. The surface PD plots demonstrate
that maximal N>1 and V>1 concentrations will be present with MBL
depths below 400 m and rcb below 1 mm day−1. The plots illustrate well
that TKE has a more pronounced impact on V>1 versus N>1 when other
conditions are held fixed. Finally, the impacts of RH on N>1 and V>1

are complex with positive relationships for many panels up to some
value (~80% and ~65%, respectively), above which there is a negative
relationship. This builds off earlier results with a plausible physical
explanation being that at sufficiently high RHs, SM‐SSA particles are
more swollen and thus evaporate more slowly and have a higher prob-
ability of falling back into the water.

Predictor importance (ΔPD) is defined as the difference between the maximum and minimum values of the
response associated with the PD analysis of each predictor (Figure 12). The order of importance (in descend-
ing order) for predicting N>1 concentration is MBL depth, rcb, RH, Tamb, TKE, SST, wind speed, and wind
direction. The order of importance for predicting V>1 concentration is TKE, rcb, MBL depth, SST, Tamb,
RH, wind speed, and wind direction. These importance rankings clearly demonstrate that local wind speed
has only a small role in influencing near surface N>1 and V>1 concentrations, and this is likely owing to the
fact that the air mass history and the winds associated with that history are more influential in driving the
MBL SM‐SSA concentrations. The results show that MBL depth is more important for predicting N>1 as
compared to V>1 concentration and drizzle is similarly very influential for both N>1 and V>1 concentrations.
The results of Figure 12 also confirm earlier results that TKE has a stronger relationship with V>1 as com-
pared to N>1.

4. Conclusions

This study examines flight data from the 2019MONARC campaign, which featured 14 nearly identical flight
patterns off the California coast at the same time on different days. The presented analyses take advantage of
a statistical approach to airborne data collection in conjunction with MLR techniques with the goal of
addressing the nature and character of SM‐SSA particles in the MBL over the northeastern Pacific Ocean.
The primary results of this study are as follows in order of the questions laid out at the end of section 1:

i. Four MBL regimes were identified during MONARC differing in cloud fraction, air mass source origin,
and meteorological and synoptic features. N>1 and V>1 concentrations (0.8 ± 0.4 cm−3 and
3.5 ± 6.5 μm3 cm−3, respectively) were lowest in the regime with the highest drizzle rates. The regime
with thin MBL depths and negligible drizzle rates coincided with the highest N>1 concentrations
(2.8 ± 0.9 cm−3). The highest V>1 concentrations (12.3 ± 5.7 μm3 cm−3), volumetric median diameter

Figure 12. Mean difference in the PD (ΔPD) of different MBL variables
used as predictors of near surface (a) N>1 and (b) V>1 concentrations.
Error bars represent one standard deviation.
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(2.7 ± 0.4 μm), and count median diameter (2.4 ± 0.2 μm) coincided with a regime characterized by
cloud‐free conditions and the highest MBL turbulence and vertical mixing.

ii. Vertical SM‐SSA profiles are sensitive to MBL depth and rcb. Profiles of N>1 and V>1 as a function of off-
shore distance either showed a decrease, increase, or no change depending on the MBL regime.

iii. Near surface RH (Tamb)were generally negatively (positively) relatedwith bothN>1 andV>1; however, at
some lower RH (higher Tamb) values this relationship was positive (negative). Increases in either MBL
depth or rcb were related to reductions in bothN>1 and V>1 concentrations. These relationships are likely
due to dilution (increased MBL depth) and reduced aerosol lifetime (increased rcb). Both N>1 and V>1

concentrations tended to be positively related to turbulence (i.e., near surface TKE in this study).
Based onMLR analysis, MBL depth was found to be themost influential for N>1, with higher depths cor-
responding to lower N>1. TKE was the most important for V>1, with the two being positively related.
Drizzle rate was the second most important predictor (and negatively related) for both N>1 and V>1.

iv. Of the nine categories of MLR models used to predict near surface N>1 and V>1 concentrations, the
exponential GPR and GBRT model categories showed higher accuracy than the others without OOB
testing or hyperparameter tuning. After OOB training of the exponential GPR and GBRT models using
100 random samples, the set of exponential GPR models had higher average R2 values than the set of
GBRT models. Based on the apparent robustness of the exponential GPR model, this study presents
one set of exponential GPR models for predicting near surface N>1 and another set of exponential
GPR models for predicting near surface V>1 concentrations.

These results exemplify the utility of data collected with repetitive flight patterns over multiple weeks to ana-
lyze relationships between aerosols and MBL conditions. While results from this study are not necessarily
similar to what would be found in other regions, the methods developed here can be applied to similar data
sets from different regions. The MBL regimes and predictive models can also be utilized by future investiga-
tors to compare against other models and near surface measurements.

Data Availability Statement

Data used in this work can be accessed at Sorooshian et al. (2017) (https://doi.org/10.6084/m9.fig-
share.5099983.v10).
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Table S1. Adjusted R values resulting from the linear correlation of cycle-averaged MBL 29 

parameters and cycle-averaged near surface N>1 and V>1 concentrations for 147 cycles, as shown 30 

in Figures 6 and 7, respectively. 31 

 32 

MBL Parameter N>1 V>1 

Wind Speed 0.12 0.03 

Wind Direction -0.05 -0.19 

Tamb -0.15 0.05 

SST -0.27 -0.23 

TKE 0.21 0.12 

RH 0.18 -0.14 

MBL Depth -0.20 -0.10 

rcb -0.36 -0.32 

   33 

Page 44 of 112



Table S2. Statistics associated with coefficient of determination (R2) resulting from different 34 

regression methods for predicting near surface N>1 and V>1 concentrations. The co-located 35 

measurements of the following parameters were used as predictors: near surface values of 36 

horizontal wind speed and direction, Tamb, RH, SST, TKE; MBL depth; and rcb. Of the nine 37 

categories of MLR models tested during the preliminary analysis (Section 2.4), the exponential 38 

gaussian process regression (GPR) and the gradient boosted regression tree (GBRT) models 39 

performed the best and the statistics presented here resulted from the final iterative training of 40 

the exponential GPR and the GBRT models. Those two models are compared to a multivariate 41 

linear regression (MVLR) model, which serves as a base case of linear combinations. Mean, 42 

maximum, and minimum values of R2 are presented for the testing set using GPR and GBRT 43 

methods, with one standard deviation shown in parenthesis.  44 

 45 

 N>1 V>1 

 MVLR GPR GBRT MVLR GPR GBRT 

mean R2 0.15 0.76 (0.08) 0.71 (0.12) 0.13 0.74 (0.11) 0.60 (0.15) 

max R2 - 0.91 0.94 - 0.91 0.87  

min R2 - 0.54 0.37 - 0.41 0.22 

 46 

  47 

 48 

Page 45 of 112



5 
 

S1. Comparison of Cloud Water Sodium and SM-SSA Volume Concentration 49 

The measurement of SM-SSA particles within the atmosphere has proven to be difficult 50 

due to instrumental limitations [Reid et al., 2006], and it is necessary to validate the use of 51 

different measurements targeting the presence of SM-SSA particles in the MBL. Two methods 52 

are compared here: (i) chemical tracer analysis of cloud water samples as demonstrated by 53 

previous work [Dadashazar et al., 2017], and (ii) V>1 concentrations as measured with the CAS 54 

probe in cloud-free air. A linear relationship was observed between cloud water Na+ and near 55 

surface V>1 concentrations with an adjusted R2 of 0.50 (p-value = 8.98 10-4) (Figure S1). Figure 56 

S1 reveals that when rcb exceeded 1 mm day-1, the Na+ and near surface V>1 concentrations 57 

decreased to be below 10 μg m-3 and 1 cm-3, respectively. The relationship between drizzle and 58 

SM-SSA concentrations is addressed in more detail in the main article file.  59 

 60 
Figure S1. Cloud water sodium (Na+) concentration versus corresponding near surface (< 60 m) 61 

supermicrometer volume (V>1) concentration. Each point represents a single cloud water sample 62 

and is colored by the rcb during the period of the cycle in which each cloud water sample was 63 

collected. The red line represents the best linear fit between Na+ and V>1. 64 

 65 
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Abstract. This study reports measurements of size-resolved aerosol composition at a site in Incheon along with 27 
other aerosol characteristics for contrast between Incheon (coastal) and Seoul (inland), South Korea, during a 28 
transboundary pollution event during the early part of an intensive sampling period between 4 and 11 March 2019. 29 
Anthropogenic emissions were dominant in the boundary layer over the study region between 4 and 6 March, with 30 
much smaller contributions from dust, smoke, and sea salt. The meteorology of this period (shallow boundary 31 
layer, enhanced humidity, and low temperature) promoted local heterogeneous formation of secondary inorganic 32 
and organic species, including high nitrate (NO3

-) relative to sulfate (SO4
2-). Seoul exhibited higher PM2.5 levels 33 

than Incheon likely due to local emissions. The following findings point to secondary aerosol formation and 34 
growth sensitivity to water vapor during this pollution event: (i) significant concentrations of individual inorganic 35 
and organic acids in the supermicrometer range relative to their full size range (~40%) at higher humidity; (ii) 36 
high correlation (r = 0.95) between oxalate and SO4

2-, a marker of secondary aqueous production of oxalate; (iii) 37 
increased sulfur and nitrogen oxidation ratios as a function of humidity; and (iv) matching composition 38 
apportionment (for soluble ions) between the PM1 and PM2.5-1 size fractions. The last finding confirms that PM1 39 
aerosol composition measurements fully capture PM2.5 composition apportionment (for soluble ions) during haze 40 
events and, therefore, may be reliably applied in modeling studies of such events over the full PM2.5 size range. 41 
The study period was marked by relatively low temperatures that made NO3

- the most abundant species detected, 42 
pointing to the sensitivity of PM2.5 levels and composition as a function of season during such transboundary 43 
events. For instance, other such events in previous studies exhibited more comparable levels between SO4

2- and 44 
NO3

- coincident with higher temperatures than the current study. This dataset can contribute to future evaluation 45 
of model PM2.5 composition to better support regulatory efforts to control PM2.5 precursors. 46 

  47 
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1 Introduction 48 
South Korea has been the focus of extensive air quality research in recent years owing to continuing 49 

challenges as it is a growing metropolitan center with extensive sources of pollution both locally and regionally 50 
(Lee and Kim, 2007;Guttikunda et al., 2003). Although direct emission control policies have reduced primary 51 
pollutant concentrations over time (e.g., lead, carbon monoxide, sulfur dioxide), there has been less success to 52 
reduce levels of secondarily formed pollutants associated with particulate matter with diameters (D) less than or 53 
equal to 2.5 µm (PM2.5) (Kim and Lee, 2018). A common phenomenon leading to significant aerosol 54 
concentrations over large parts of South Korea is transboundary pollution events stemming from areas such as 55 
China (Choi et al., 2019b;Choi et al., 2019a;Peterson et al., 2019;Lee et al., 2019b;Eck et al., 2020;Cha et al., 56 
2019) that impact both coastal and inland parts of the peninsula. These events include dust (Heim et al., 2020;Kim 57 
et al., 2012), industrial and agricultural burning emissions (Lamb et al., 2018), sea salt (Lee et al., 2018), and 58 
wildfire plumes from Siberia (Lamb et al., 2018) that are superimposed on the local pollution sources that include 59 
biogenic emissions, urban and vehicular emissions, shipping emissions, industrial activities, and biomass burning 60 
(Park et al., 2021;Lamb et al., 2018).  61 
 While the influence of long-range transport on the Korean peninsula’s air quality has been demonstrated 62 
(Lee et al., 2021;Koo et al., 2018), a question remains about the relative contributions of transboundary versus 63 
local emissions. Results from the Megacity Air Pollution Studies-Seoul (MAP-Seoul) study (May – June 2015) 64 
indicated that advected pollution from China mostly affects western coastal sites and that local emissions are 65 
significant in accounting for Seoul’s radiation-absorbing aerosol particles (Lee et al., 2018). Others have pointed 66 
to the importance of domestic emissions during transboundary pollution events, especially when transport rates 67 
are below ~250 km day-1 (Lee et al., 2019b). Studies from the Korea-United States Air Quality (KORUS-AQ) 68 
campaign (1 May – 10 June 2016) showed that during transboundary pollution episodes, Seoul (inland) exhibited 69 
significantly higher levels of PM2.5 than coastal areas (Eck et al., 2020). Nault et al. (2018) showed with in-situ 70 
measurements that local emissions are the primary contributor to secondary organic aerosol (SOA) over Seoul. 71 
Furthermore, diurnal variations in aerosol optical depth (AOD) are also more significant at inland sites versus 72 
coastal sites (Lennartson et al., 2018). In their analysis of the same pollution episode as our study in early March 73 
2019, Lee et al. (2019a) showed that the foreign contribution to PM2.5 in Seoul was 78.8% as compared to 21.2% 74 
from domestic sources based on the Community Multiscale Air Quality (CMAQ) model. It is important to note 75 
that such apportionments are sensitive to the modeled composition of PM2.5 as discussed in Choi et al. (2019a) 76 
and Jordan et al. (2020). Hence, comparisons of measured and modeled PM2.5 composition are needed to validate 77 
apportionment between domestic and transported pollutants. 78 

 Local and upwind meteorology have been shown to play a major role in modulating temporal trends in 79 
PM and gas pollutant levels over South Korea (Seo et al., 2018;Cho et al., 2021;Jordan et al., 2020;Koo et al., 80 
2020;Peterson et al., 2019;Ryu et al., 2021). Models have yet to adequately capture sulfate (SO4

2-) formation in 81 
East Asian haze events (Shao et al., 2019) as they generally underestimate SO4

2- in haze, while the KORUS-AQ 82 
study also revealed that nitrate (NO3

-) formation in haze may be simultaneously overestimated resulting in errors 83 
in aerosol liquid water content and other modeled properties (Jordan et al., 2020). Other recent studies of East 84 
Asian haze have pointed to the importance of secondary aerosol formation, primarily ammonium sulfate and 85 
nitrate salts, with additional SOA (Hu et al., 2014;Huang et al., 2014;Cheng et al., 2016;Li et al., 2018;Zhang et 86 
al., 2017). Moisture and thus aerosol-laden water have been shown to be especially important to promote the 87 
formation of these secondary species (Wu et al., 2018;Zhang et al., 2018;Wang et al., 2016;Zhang et al., 2017). 88 
The May-June 2016 period of KORUS-AQ offered a detailed view of frontal passages transporting pollution from 89 
China to the Korean peninsula under cloudy and humid conditions that promoted haze and fog formation within 90 
a shallow stable boundary layer (Jordan et al., 2020;Peterson et al., 2019). Sulfate and NO3

- formation was 91 
observed to be efficient owing to heterogeneous processing with the former fueled by local and transported sulfur 92 
dioxide (SO2) and the latter from local nitrogen oxides (NOx) and enhanced nocturnal NO3 radical reactions. A 93 
positive feedback was suggested whereby increased water uptake by particles increased gas-to-particle 94 
partitioning, which in turn further increased water uptake. Furthermore, clouds reduced transmission of solar 95 
radiation to the surface, thereby reducing mixing and leading to more PM accumulation in a shallow boundary 96 
layer. Jordan et al. (2020) called for more detailed aerosol and meteorological measurements co-located with 97 
AirKorea sites (https://www.airkorea.or.kr/eng) that routinely monitor PM2.5 and other basic pollutants (PM10, O3, 98 
SO2, NO2, CO) in order to advance knowledge of aerosol lifecycle behavior over the Korean peninsula. 99 

Aerosol composition provides important evidence for impacts of meteorology and atmospheric 100 
circulation on PM, which are sometimes challenging to reproduce in models. The current study exploits an 101 
Incheon dataset of size-resolved composition during a major pollution episode in March 2019 to expand on the 102 
evidence for these impacts and to help interpret observations from the larger network of ongoing Korean 103 
observations. Data were collected at both Incheon near the western coast of South Korea and at the inland city of 104 
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Seoul (Fig. 1), which allows for a critical look at how PM2.5 levels compare between the sites and if Seoul has 105 
higher levels (suggesting local PM2.5 production) as described by Eck et al. (2020) and Jordan et al. (2020). This 106 
study examines the role for meteorological parameters like humidity in impacting size-resolved aerosol 107 
composition. This is especially important since past studies have mainly focused on bulk PM1, PM2.5 or PM10 108 
(Park et al., 2018;Ryu and Min, 2021;Seo et al., 2018;Won et al., 2020). Size-resolved composition data are 109 
pertinent to improve understanding of how particles in the region impact cloud formation, visibility, and public 110 
health, all of which are sensitive to size-specific aerosol properties.  111 

 112 

Figure 1. (a) Spatial map showing the 17 and 40 National Ambient air quality Monitoring Information 113 
System (NAMIS) stations in Incheon and Seoul, respectively, along with the three main surface sites 114 
relied on for this study (yellow = Incheon meteorological site, green = Inha University, blue = Sungi [also 115 
a NAMIS station], red = Seoul Intensive Monitoring Station). PM2.5 comparison between (b) city-wide 116 
Incheon mean values and those for Sungi and Inha University, and between (c) city-wide Seoul mean 117 
values and those for Seoul Intensive Monitoring Station. Coefficients of determination (R2) between the 118 
data points: (b) (Inha University) R2 = 0.82 and (Sungi) R2 = 0.98; (c) R2 = 0. 96. Shaded regions of panels 119 
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b-c are labeled with individual DLPI+ sets overlapping in time. All times are reported in Korea standard 120 
time (KST), where KST is UTC + 9 hrs.  121 

2 Datasets and Methods 122 
During the period between 4 and 11 March 2019, there was a major regional haze pollution event that 123 

impacted Incheon and Seoul monitoring sites. The haze event lasted for approximately the first three days and 124 
then the air quality improved between 7 and 11 March (Figs. 1-2). We consider the period from 4 March 10:00 – 125 
6 March 19:00 as “polluted”, from 6 March 19:00 – 7 March 09:15 as “transition”, and 7 March 09:15 – 11 March 126 
10:00 as “clean”; these time definitions are chosen based on start/stop times of size-resolved impactor 127 
measurements conducted in Incheon (Sect. 2.1.1) during periods with higher, intermediate, and lower PM 128 
concentrations (e.g., Figs. 1-2). Times in this study are in Korea standard time (KST), where KST = UTC + 9 129 
hours. This study relies on a variety of datasets summarized below. 130 
 131 

 132 
Figure 2. Time series of the following parameters: (a) PM2.5 measured at Inha University, Sungi, and Seoul; 133 
(b) PM10 measured at Seoul; and (c) PM2.5 difference between Seoul and Sungi. The dashed black vertical 134 
lines separate the (left) polluted, (middle) transition, and (right) clean periods. The horizontal line in (c) 135 
denotes a PM2.5 difference of zero to clearly show positive and negative deviations from that value. Shaded 136 
regions are labeled with individual DLPI+ sets (see Table 2) overlapping in time. 137 
  138 
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2.1 Aerosol and Gas Monitoring 139 
The focus of this study is on three specific monitoring sites in Incheon and Seoul (~30 km apart), which 140 

were compared to a wide network of other stations in those cities to confirm agreement in temporal variability 141 
and concentrations. Incheon has a population of 2,936,367 in contrast to Seoul having 9,565,990 (Korea, 2021). 142 
The three primary sites include Inha University and Sungi in Incheon, and the Seoul Intensive Monitoring Station 143 
(hereafter referred to as Seoul site) in Seoul (locations in Fig. 1). Measurements at these sites are described below 144 
and summarized in Table 1. Figure 1 shows the location of the other 17 and 40 National Ambient air quality 145 
Monitoring Information System (NAMIS) stations in Incheon and Seoul, respectively, which were operational 146 
during the study period with data provided online by AirKorea; Sungi is one of those sites in Incheon but the Inha 147 
and Seoul sites are not part of that network. The rationale for including two primary sites in Incheon is because 148 
Inha provided unique data not typically measured by NAMIS, and Sungi was closest to Inha among the NAMIS 149 
options. The Seoul site had very comprehensive measurements itself and thus it was sufficient for this study.  150 
 151 
Table 1. Sample site name, elevation in meters above sea level (MASL), latitude and longitude coordinates 152 
of each site, and the parameters measured at each site. 153 

Site 
Elevatio
n 
(MASL) 

Latitude  Longitude Measurements 

Incheon: Inha 
University  23 37°27’2.08”N 126°39’20.87”

E 

Aerosol: PM2.5, 467/528/652 nm 
wavelength absorption coefficient (α), 
size-resolved particulate mass samples  

Incheon: Sungi  46 37°27’34.74”N 126°39’27.31”
E 

Aerosol: PM2.5 
Gas: Ozone (O3), nitrogen dioxide (NO2), 
carbon monoxide (CO), sulfur dioxide 
(SO2) 

Incheon 
Meteorologica
l Site 

70 37°28’39.85”N 126°37’28.40”
E 

Meteorological: Ambient temperature (T), 
wind speed and direction, ambient relative 
humidity (RH), ambient pressure (P), rain 

Seoul 
Intensive 
Monitoring 
Station 

30 37°36’38.40”N 126°56’1.36”E 

Aerosol: PM10, PM2.5; speciated PM2.5 
concentrations of sulfate (SO4

-2), nitrate 
(NO3

-), chloride (Cl-), sodium (Na+), 
ammonium (NH4

+), potassium (K+), 
magnesium (Mg2+), calcium (Ca2+), 
organic carbon (OC), elemental carbon 
(EC), silicon (Si), titanium (Ti), vanadium 
(V), manganese (Mn), iron (Fe), nickel 
(Ni), copper (Cu), zinc (Zn), Arsenic (As), 
selenium (Se), lead (Pb)  
Gas: SO2, NO2, O3, CO 
Meteorological: T, wind speed and 
direction, RH, P, rain 

 154 

2.1.1 Inha University (Incheon) 155 
Aerosol composition measurements were conducted on a building rooftop (23 m ASL; 37° 27’ 2.08”N, 156 

126° 39’ 20.87”E) on the Inha University campus, which is a residential area ~3 km away from Incheon harbor. 157 
Three instruments were operated simultaneously during the study period from 4 March 2019 to 11 March 2019. 158 
Real-time PM2.5 measurements were conducted using an optical particle counter (OPC-Grimm model 1.109, 159 
Grimm Aerosol Technik, Germany) with 1 min time resolution. The OPC measures the number concentration of 160 
aerosol particles for 31 channels with size ranging from 0.253 to 31.15 µm, which then get converted into a mass 161 
concentration via mathematical extrapolation with a correction factor specific to the Grimm 1177 software. Real-162 
time monitoring of light absorbing aerosol particles was conducted with a tricolor absorption photometer (TAP 163 
model 2901, Brechtel Mfg. Inc., USA), which monitors light absorption by particles on a filter at three 164 
wavelengths (467, 528, 652 nm). In this study we focus on 652 nm data for simplicity. Lastly, size-resolved 165 
particulate matter samples were collected on Teflon filters (PTFE support, 0.1 μm pore, 25 mm, Zefon 166 
International) using a low pressure impactor (DLPI+, Dekati, Finland) with aerodynamic lower cutpoint diameters 167 
of 0.016, 0.030, 0.054, 0.094, 0.15, 0.25, 0.38, 0.60, 0.94, 1.6, 2.5, 3.6, 5.3, and 10 μm. Daily filter sets were 168 
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collected on the seven days of the sampling period with details shown in Table 2. Temperature and relative 169 
humidity varied slightly between sets (Table 2) with potential impacts on size of particles owing to hygroscopic 170 
growth and evaporation/condensation (e.g., Chen et al., 2018). As temperatures were low (4.5-9.1°C on average), 171 
evaporation is likely negligible. There was more potential for hygroscopic growth during the polluted and 172 
transition periods (66-79% RH) as compared to the clean period (47-52% RH), and this does not alter conclusions 173 
of this work as size shifts owing to water uptake are an important aspect of understanding regional haze events in 174 
the study region. Note as well that hygroscopic influence on size cut-off shifts in cascade impactors are most 175 
important for RHs above 80% and when sea salt is dominant (Chen et al., 2018), which does not apply to this 176 
study. Particles were extracted from the filters in 10 mL of deionized water and placed in ultrasonic bath at 30°C 177 
for 60 min for subsequent analysis with ion chromatography (IC, Thermal Scientific Dionex ICS-2100 system) to 178 
speciate anions and cations. 179 
 180 
Table 2. Summary of the DLPI+ sample sets including sample set name, pollution category, the start and 181 
end date in Korea standard time (KST = UTC + 9 hr), as well as the sample averages of T, wind speed and 182 
direction, RH, and P. Sample flow rate was 9.71 L min-1 for all sample sets.  183 

Set Pollution 
Category 

Start Time 
(KST)  

End Time 
(KST) 

T 
(°C) 

Wind 
Speed 
(m s-1) 

Wind 
Direction 
(°) 

RH 
(%) 

P 
(hPa) 

A Polluted 3/4/2019 
13:21 

3/5/2019 
08:10 7.2 3.0 236 79 1009 

B Polluted 3/5/2019 
16:24 

3/6/2019 
09:19 6.4 1.7 224 74 1010 

C Polluted 3/6/2019 
10:32 

3/6/2019 
17:48 9.1 2.7 307 66 1007 

D Transition 3/6/2019 
19:26 

3/7/2019 
09:15 4.5 3.9 221 75 1008 

E Clean 3/7/2019 
10:21 

3/8/2019 
09:28 5.7 2.9 295 52 1014 

F Clean 3/8/2019 
10:19 

3/8/2019 
17:34 8.9 3.2 244 47 1017 

G Clean 3/10/2019 
12:14 

3/11/2019 
09:08 8.3 2.8 220 51 1002 

     184 

The IC analysis has been described in other works (Stahl et al., 2020;MacDonald et al., 2018;Cruz et 185 
al., 2019), with limits of detection (LOD) for each species examined shown in Table S1. Values measured below 186 
the LOD are replaced with LOD/2, with the percent of such samples per species provided in Table S1. For anion 187 
analysis, an AS11-HC 250 mm column and potassium hydroxide eluent were used with the following gradient 188 
program with a suppressor (AERS 500e) current of 28 mA: begin at 2 mM, increase to 8 mM from 0 to 20 minutes, 189 
and then increase from 8 to 28 mM from 20 to 30 minutes. Cation analysis involved a CS12A 250 mm column 190 
and methanesulfonic acid eluent with the following program with a suppressor (CERS 500e) current of 22 mA: 191 
start at 5 mM, isocratic from 0 to 13 minutes, increase from 5 to 18 mM from 13 to 16 minutes, and then isocratic 192 
at 18 mM from 16 to 30 minutes. Sample concentrations were corrected using background sample concentrations 193 
for individual species, which included sodium (Na+), ammonium (NH4

+), potassium (K+), magnesium (Mg2+), 194 
calcium (Ca2+), chloride (Cl-), NO3

-, SO4
2-, methanesulfonate (MSA), adipate, maleate, oxalate, and phthalate. 195 

The latter five species were summed in parts of the analysis and referred to as “organic acids” with the caveat that 196 
they represent the dissociation anion of either sulfonic or organic acids.  197 

Concentrations for SO4
2-, Mg2+, K+, and Ca2+ refer to their non-sea salt (NSS) values based on 198 

calculations relying on the measured concentrations of Na+ and its ratio with these species in pure sea salt (Seinfeld 199 
and Pandis, 2016). The mean percentage of sea salt mass removed for those four species relative to total speciated 200 
mass of each filter set (excluding the sea salt portion of those four species) was 2%. Those species for which more 201 
than 15% of samples were below the LOD (i.e., Mg2+, maleate, phthalate, adipate, MSA) are not discussed on an 202 
individual basis in this study but are used in calculations dependent on the cumulative dataset such as the overall 203 
charge balance; the exception is bromide (Br-), which is fully removed from calculations as it was always below 204 
the LOD. 205 
 206 
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2.1.2 Sungi Site (Incheon) 207 
We use PM2.5, O3, CO, NO2, and SO2 data at one hour time intervals collected at Sungi (46 m ASL; 37° 208 

27’ 34.74”N, 126° 39’ 27.31”E) by NAMIS. These parameters are measured based on the following methods: 209 
PM2.5 = Beta Attenuation Monitoring (BAM; MetOne Ins.), SO2 = pulsed ultraviolet fluorescence method, CO = 210 
non-dispersive infrared method, NO2 = chemiluminescent method, O3 = ultraviolet photometric method. The gases 211 
were monitored by Teledyne API products (SO2 = 100E, NO2 = 200E, O3 = 300E, CO = 400E). Of note is that the 212 
PM2.5 measured at Sungi and Inha University with independent techniques generally agreed well during the study 213 
period (Fig. 1) with a coefficient of determination (R2) of 0.82. 214 
 215 
2.1.3 Seoul Intensive Monitoring Station 216 

Gas and aerosol (PM10 and PM2.5) data are used from the Seoul site (30 m ASL; 37° 36’ 38.40”N, 126° 217 
56’ 1.36”E), which is independent from the NAMIS network. The following parameters were measured: PM2.5 218 
and PM10 = Beta Attenuation Monitoring (BAM), ionic species concentrations (SO4

2-, NO3
-, Cl-, Na+, NH4

+, K+, 219 
Mg2+, Ca2+) = Ambient Ion Monitor (URG 9000D, URG Co.) and ion chromatography (Dionex, DX-1 000; IonPac 220 
AS14A and the CS12A columns), organic carbon (OC) and elemental carbon (EC) = semi-continuous OC/EC 221 
analyzer (Sunset Laboratory) based on the thermal/optical reflectance (TOR) method, elemental concentrations 222 
(Si, Ti, V, Mn, Fe, Ni, Cu, Zn, As, Se, Pb) = online X-ray fluorescence (XRF) analyzer (Xact-420, Cooper 223 
Environmental Co.), SO2 = pulsed ultraviolet fluorescence method, CO = non-dispersive infrared method, NO2 = 224 
chemiluminescent method, O3 = ultraviolet photometric method. Gases were monitored with the same techniques 225 
as at the Sungi site. All speciated aerosol information at Seoul are for PM2.5. 226 
 227 
2.2 Meteorological data 228 

Meteorological data for winds, temperature (T), pressure (P), relative humidity (RH), and rain were 229 
used from monitoring stations in Incheon and Seoul. The Korea Meteorology Administration provided data from 230 
an Automated Synoptic Observing System (ASOS) for the Incheon station (70 m ASL; 37° 28’ 39.85”N, 126° 37’ 231 
28.40”E) (kma.go.kr), which is located ~5 km northwest of the Inha University sampling site. Meteorological data 232 
were collected at the same site described for Seoul in Sect. 2.1.3. Specific humidity (q) was calculated using 233 
measured values of T, P, and RH (Bolton, 1980).   234 

Planetary boundary layer height (PBLH) data are used from Modern Era Retrospective‐analysis for 235 
Research and Application version 2 (MERRA‐2) (Gelaro et al., 2017). MERRA‐2 uses the Goddard Earth 236 
Observing System Data Assimilation System Version 5 (GEOS‐5) and is hosted and maintained by the National 237 
Aeronautics and Space Administration (NASA) Global Modeling and Assimilation Office (GMAO). The 238 
MERRA-2 PBLH product is provided as part of the surface flux diagnostics dataset (GMAO, 2015). The 239 
resolution of the PBLH product is 0.5° x 0.625° and is assimilated on an hourly timescale. All four sample sites 240 
described above are within the same grid point (37.500°N, 126.875°E) in the MERRA-2 PBLH product. 241 
 242 
2.3 Trajectory and Chemical Transport Modeling 243 

We use the NOAA HYSPLIT model (Rolph et al., 2017;Stein et al., 2015) for air mass back-trajectory 244 
information. We rely on the Global Data Assimilation System (GDAS) at 0.5° × 0.5° resolution and the model 245 
vertical velocity method for treating vertical motion. Four day back-trajectories were calculated for each hour 246 
between 4 – 11 March 2019. We use an ending altitude of 500 m AGL at the Inha University sampling site, which 247 
was sufficient to represent the predominant sources impacting the various sample sites during the week of focus 248 
owing to their close proximity. This ending altitude has proved to be successful for other surface air quality studies 249 
in other regions (e.g., Aldhaif et al., 2021;Crosbie et al., 2014;Mora et al., 2017;Hersey et al., 2015) and nearby 250 
in southeast Asia (e.g., AzadiAghdam et al., 2019). We obtained data for the following parameters along 251 
trajectories: ambient temperature (°C), rainfall (mm hr-1), mixed layer depth (m), RH (%), and downward solar 252 
radiation flux (W m-2). 253 

For large-scale background aerosol information we rely on the Navy Aerosol Analysis and Prediction 254 
System (NAAPS) (Lynch et al., 2016) accessible at https://www.nrlmry.navy.mil/aerosol/. We specifically use 255 
the reanalysis version of NAAPS, called NAAPS-RA. This is a chemical transport model with 25 vertical levels 256 
using a terrain-following sigma-pressure coordinate system that provides data in 1° × 1° grids every 6 hours. The 257 
model is driven by the Navy Global Environmental Model (NAVGEM) for meteorological information (Hogan 258 
et al., 2014). The final reanalysis results are created after assimilating Moderate Resolution Imaging 259 
Spectroradiometer (MODIS) and Multi-angle Imaging Spectro Radiometer (MISR) data into the model (Zhang 260 
and Reid, 2006;Hyer et al., 2011). Reanalysis output is provided for dust, sea salt, open biomass burning smoke, 261 
and “anthropogenic and biogenic fine (ABF)” that includes secondarily produced species (i.e., SO4

2- and SOA) 262 
and primary organic aerosols mainly confined to the fine mode (< 1 µm).  263 
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 264 
3 Time Series of PM Concentrations 265 

March 2019 was characterized by a major transboundary pollution event impacting the Korean 266 
peninsula with visual satellite imagery (Fig. S1) clearly showing the presence and then absence of significant haze. 267 
Owing to their proximity to one another, the Inha and Sungi stations in Incheon revealed similar values and 268 
changes in PM2.5 (R2 = 0.82 for the full study period) with a significant reduction from polluted (~115 µg m-3) to 269 
transition (~63 µg m-3) and clean (~40 µg m-3) periods (Table 3 and Figs. 1-2). Both Inha and Sungi PM2.5 levels 270 
were strongly correlated with the mean of data from 17 NAMIS stations across Incheon (Fig. 1: R2 of 0.82 and 271 
0.98, respectively). 272 
 273 
Table 3. Average Incheon meteorological, aerosol, and gas parameters for the polluted, transition, and clean 274 
time periods, with standard deviations shown in parentheses. Speciated concentrations from Inha represent 275 
mass for particles with diameters above 0.016 µm (i.e., full size range of DLPI+ sampler) and are weighted 276 
by sample duration when calculating the time period average; species with concentrations below their 277 
respective LOD in more than 50% of samples (see Table S1) are not shown. Standard deviations are not 278 
shown for the transition period speciated data owing to there only being one sample set. 279 

Site Parameter Polluted Transition Clean 

Incheon 
Meteorological 

Site 

T (°C) 7.5 (2.1) 4.7 (1.0) 6.7 (3.2) 
Wind Speed (m s-1) 2.5 (0.9) 3.7 (1.3) 2.6 (1.2) 

Wind Direction (°) 247 (45) 236 (150) 219 (126) 

RH (%) 73 (15) 77 (8) 51 (20) 

q (g kg-1) 4.63 (0.61) 4.07 (0.64) 2.95 (0.81) 

P (hPa) 1009 (2) 1008 (1) 1011 (5) 

PBLH (km) 0.45 (0.56) 1.87 (1.28) 0.53 (0.63) 

Rain (mm) 0 (0) 0 (0) 0 (0) 

Inha 
University 

PM2.5 (µg m-3) 110 (17.9) 61.8 (3.9) 43.6 (20.7) 

α (Mm-1) 18.9 (5.1) 11 (1.9) 8.6 (3.1) 

NO3
- (µg m-3) 32.2 (12.1) 10.3 (-) 3.2 (1.1) 

NH4
+ (µg m-3) 19.2 (7.7) 8.2 (-) 5.6 (3.8) 

SO4
2- (µg m-3) 15.4 (5.2) 7.0 (-) 1.8 (0.6) 

K+ (µg m-3) 0.7 (0.3) 0.7 (-) 0.2 (0.05) 

Ca2+ (µg m-3) 2.0 (0.4) 1.9 (-) 1.7 (0.6) 

Cl- (µg m-3) 2.0 (1.1) 1.6 (-) 0.8 (0.1) 

Na+ (µg m-3) 1.1 (0.2) 1.5 (-) 0.8 (0.1) 

Oxalate (µg m-3) 0.7 (0.4) 0.3 (-) 0.2 (0.01) 

Sungi   

PM2.5 (µg m-3) 117.3 (20.5) 64.6 (6.6) 36.2 (14.1) 

CO (ppb) 927 (197) 800 (68) 578 (154) 

NO2 (ppb) 45 (19) 32 (14) 37 (16) 

O3 (ppb) 37 (16) 31 (11) 27 (16) 

SO2 (ppb) 7 (2) 6 (1) 8 (4) 

  280 

Meanwhile, ~30 km farther inland at Seoul, both PM10 and PM2.5 dropped at a similar rate as Incheon 281 
between the three periods (Table 4 and Figs. 1-2): PM10 = ~176 µg m-3, ~91 µg m-3, ~50 µg m-3; PM2.5 = ~127 282 
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µg m-3, ~71 µg m-3, ~31 µg m-3. The Seoul site PM2.5 data were strongly correlated with the 40 NAMIS stations 283 
across Seoul (Fig. 1: R2 = 0.96). Based on the three period averages, Seoul exhibited slightly higher PM2.5 levels 284 
in the polluted and transition periods whereas Incheon was higher during the clean period. The time series of 285 
hourly PM data in Figs. 1-2 show that near the end of the clean period there was an increase in pollution levels, 286 
which is consistent with HYSPLIT data showing back-trajectories shifting from northerly for most of the clean 287 
period to northwesterly (i.e., from the Beijing area) (Fig. 3). The R2 value between PM2.5 hourly data was 0.75 288 
and 0.82 for Seoul-Inha and Seoul-Sungi, respectively. Although there was decent agreement, differences are 289 
apparent in the PM2.5 hourly time series (Fig. 2c) with Seoul’s levels being significantly enhanced during parts 290 
of the polluted and transition periods. The difference in PM2.5 between Seoul and Incheon suggests enhanced 291 
local production promoting large differences between hourly PM2.5 over Seoul versus Incheon. For example, the 292 
maximum/mean ± standard deviation in the PM2.5 difference (µg m-3) between Seoul and Sungi were as follows 293 
for the three periods: polluted = 59/10 ± 26; transition = 36/6 ± 28; clean = 42/-6 ± 14. 294 

 295 
Table 4. Average meteorological, aerosol, and gas parameters for the polluted, transition, and clean time 296 
periods measured at the Seoul sampling site, with standard deviations shown in parentheses. Note that 297 
organic aerosol (OA) concentration was calculated by multiplying the OC concentration by a factor of 1.8 298 
(i.e., OA = OC × 1.8). 299 

Parameter Polluted Transition Clean 
T (°C) 9.3 (3.0) 5.7 (2.0) 7.6 (4.2) 
Wind speed (m s-1) 1.9 (0.8) 1.8 (1.0) 1.6 (1.0) 
Wind direction (°) 240 (59) 261 (104) 178 (128) 
RH (%) 55 (17) 69 (5) 36 (14) 
q (g kg-1) 3.80 (0.66) 3.87 (0.31) 2.17 (0.64) 
P (hPa) 1018 (3) 1016 (1) 1019 (5) 
PBLH (km) 0.45 (0.56) 1.87 (1.28) 0.53 (0.63) 
Rain (mm) 0 (0) 0 (0) 0 (0) 
PM10 (µg m-3) 176.0 (35.0) 90.8 (43.8) 50.3 (16.6) 
PM2.5 (µg m-3) 127.2 (27.5) 70.6 (32.5) 30.5 (9.9) 
PM10/PM2.5 1.39 (0.09) 1.27 (0.12) 1.69 (0.38) 
NO3

- (µg m-3) 43.3 (12.0) 17.3 (9.1) 7.1 (3.4) 
NH4

+ (µg m-3) 21.7 (5.0) 11.1 (5.2) 3.2 (1.3) 
SO4

2- (µg m-3) 19.8 (4.2) 12.3 (5.7) 2.5 (1.3) 
OA (µg m-3) 17.0 (3.9) 15.3 (5.6) 10.0 (3.4) 
OC (µg m-3) 9.4 (2.1) 8.5 (3.1) 5.6 (1.9) 
EC (µg m-3) 2.9 (0.7) 2.2 (0.8) 1.2 (0.5) 
Cl- (µg m-3) 1.4 (0.6) 0.7 (0.3) 0.5 (0.2) 
K+ (µg m-3) 0.3 (0.1) 0.2 (0.1) 0.12 (0.05) 
Ca2+ (µg m-3) 0.2 (0.1) 0.08 (0.04) 0.07 (0.03) 
Na+ (µg m-3) 0.12 (0.04) 0.04 (0.02) 0.05 (0.03) 
Mg2+ (µg m-3) 0.08 (0.01) 0.03 (0.02) 0.02 (0.02) 
Fe (ng m-3) 447 (94) 243 (125) 185 (70) 
Si (ng m-3) 422 (201) 222 (131) 84 (72) 
Zn (ng m-3) 113 (40) 47 (22) 47 (33) 
Pb (ng m-3) 42 (10) 34 (17) 15 (7) 
Mn (ng m-3) 28 (7) 14 (8) 10 (5) 
Ti (ng m-3) 23 (6) 13 (6) 10 (3) 
Cu (ng m-3) 14 (7) 6 (3) 8 (6) 
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V (ng m-3) 8 (5) 3 (2) 1 (1) 
As (ng m-3) 7 (2) 8 (6) 3 (2) 
Se (ng m-3) 4 (1) 2 (1) 1 (1) 
Ni (ng m-3) 3 (2) 1 (1) 0.5 (0.5) 
CO (ppb) 1104 (175) 1036 (145) 655 (139) 
O3 (ppb) 38 (18) 29 (12) 23 (16) 
NO2 (ppb) 37 (14) 30 (13) 38 (16) 
SO2 (ppb) 7 (1) 5 (0) 6 (2) 

 300 
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 301 
Figure 3. Four-day back-trajectories based on hourly data during the (a) polluted and (b) the clean portion 302 
of the study period. The ending point of trajectories is at 500 m AGL at Incheon, with environmental 303 
parameters along the trajectories summarized in Fig. S4. Images retrieved from 304 
https://worldview.earthdata.nasa.gov/. 305 

 306 
The PM10:PM2.5 ratio is helpful to examine whether a divergence in values occurs that would suggest a 307 

strong source of dust as compared to typical background conditions. More specifically, higher values of this ratio 308 
could potentially suggest enhanced dust influence owing to mass concentrations of dust being abundant above 2.5 309 
µm. As PM10 was only measured at Seoul, Table 4 compares the mean (± standard deviation) value of this ratio 310 
for the three time periods: polluted = 1.39 ± 0.09, transition = 1.27 ± 0.12, clean = 1.69 ± 0.38. As will be discussed 311 
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more subsequently, dust did not drive the high PM concentrations during the polluted period, but rather it was 312 
driven in large part by secondarily produced species (i.e., SO4

2-, NO3
-, NH4

+) that grew into the 1 – 2.5 µm range.  313 
 314 
4 PM Composition 315 
4.1 PM2.5 Composition 316 

Speciated PM2.5 data from Seoul (Table 4) reveal that the largest contributor was NO3
- during the 317 

polluted and transition periods, with an average concentration during the polluted period of 43.3 µg m-3. 318 
Estimating OA mass from the measured mass concentration of OC (OA [µg m-3] = 1.8 × OC [µg m-3] (Zhang et 319 
al., 2005)) indicates that OA dominated the PM2.5 mass during the clean period followed by NO3

-. Of all species 320 
measured in Table 4, SO4

2- exhibited the highest relative enhancement during the polluted period versus the 321 
clean period (factor of 7.9), whereas NH4

+ and NO3
- were enhanced by factors of 6.8 and 6.1, respectively. OA 322 

was only enhanced by a factor of 1.7. In terms of mass concentrations, the difference between the polluted and 323 
clean periods for the sum of nitrate, sulfate, and ammonium was 72 µg m-3 versus the difference in OA of 7 µg 324 
m-3 (Table 4). The change in OA is < 10% of the change in the three major inorganic ions. 325 

The strong enhancement of the inorganic constituents owes most likely to rapid production (both 326 
locally and in transport) in contrast to transported PM that was already produced upwind; the latter would tend 327 
to increase OA along with inorganic constituents more comparably than what was observed. In lesser abundance 328 
were Cl-, Na+, K+, Mg2+, and Ca2+, which are linked to sea salt and dust (Seinfeld and Pandis, 2016) and thus 329 
expected to have appreciable concentrations above 2.5 µm. In terms of the elemental species, the most prevalent 330 
species in all three periods were the crustal tracer species Si and Fe, which were 5.0 and 2.4 times higher in 331 
concentration, respectively, during the polluted period versus the clean period (Table 4). Most of the crustal 332 
tracer species showed enhancements ranging from 1.8 – 2.8. Only Si, Se, and V showed greater enhancement 333 
ratios with the latter two enhanced by factors of 4 and 8, respectively. 334 

The sum of the PM2.5 components using OC in Table 4 accounted for 79% (polluted), 75% 335 
(transition), and 68% (clean) of the total PM2.5, which is partly due to unmeasured species and that OC includes 336 
only the carbon mass and not other elements associated with organic compounds. Using OA instead of OC 337 
yields improved PM2.5 closure: 85% (polluted), 85% (transition), 83% (clean). This decent level of closure may 338 
be largely attributed to the high relative abundance of more easily measured inorganic species, predominantly 339 
NO3

-, SO4
2-, and NH4

+.  340 
 341 
4.2 Mass Size Distributions 342 
 The mass size distribution measurements in Incheon provide a unique look into a typical transboundary 343 
pollution event, with the ability to contrast it to the subsequent transition and clean periods. Insights gathered from 344 
this analysis have direct relevance to Seoul owing to close proximity to Incheon (~30 km) with the exception of 345 
any additional aerosol processing and formation that took place between Incheon and Seoul, including especially 346 
Seoul itself. Charge balance details can be found in Sect. S1 and Fig. S2, with a general anion deficit during the 347 
study period, including anions not speciated with the IC technique such as various types of organics.  348 
 Figure 4 summarizes size-resolved composition for the polluted, transition, and clean periods of this 349 
study. Ions typically associated with primary natural aerosol sources such as sea salt and dust (Arimoto et al., 350 
1992;Seinfeld and Pandis, 2016), including Ca2+, Na+, and Cl-, did not exhibit any significant enhancement during 351 
the polluted period (cumulative mass concentrations in Table 3), with varying size distribution peaks based on the 352 
species and period during the study. In contrast, the ions linked to secondary formation via gas-to-particle 353 
conversion processes (i.e., SO4

2-, NO3
-, NH4

+, and organic acids) were dramatically enhanced during the polluted 354 
period compared to the clean period (Fig. 4) with the transition in between. These species exhibited their highest 355 
concentrations during the polluted period between 0.38 and 3.60 µm, a range which includes larger sizes for these 356 
secondarily produced species (especially SO4

2- and NH4
+) as compared to other regions where their peaks are 357 

reported to be between 0.3 and 0.6 µm (Maudlin et al., 2015;Cruz et al., 2019). During the transition period, the 358 
inorganic species exhibited maximum concentrations for particles with diameters between 0.38 and 1.60 µm. The 359 
clean period was generally marked by these species exhibiting peak concentrations for particles between 0.25 and 360 
0.38 µm with a secondary peak from 0.6 and 0.94 µm, albeit neither is pronounced.  361 

The likely formation pathway for SO4
2-, NO3

-, NH4
+, and organic acids in the polluted period was 362 

secondary production, which was assisted in part by high humidity as discussed in more detail in Sect. 6.2. Their 363 
common formation mechanism is supported by significant correlations (r ≥ 0.94; see time series in Fig. S5) during 364 
the polluted period between SO4

2-, NO3
-, NH4

+, and oxalate, with the latter being the most abundant organic acid 365 
during the entire study period but especially in the polluted period (~70% of organic acid mass). Oxalate is 366 
produced efficiently via aqueous-phase chemistry (Sorooshian et al., 2007;Sorooshian et al., 2006;Wonaschuetz 367 
et al., 2012). The strong correlation between oxalate and SO4

2- during the polluted period is important as a strong 368 
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correlation between these species (in the absence of biomass burning) is considered a marker for secondary 369 
aqueous aerosol formation (Ervens et al., 2004;Yu et al., 2005;Zhou et al., 2015;Hilario et al., 2021a). The fact 370 
that oxalate exhibits a greater enhancement ratio in Table 3 than that of OA in Table 4 is not surprising since not 371 
all OA is produced via aqueous processing and even components that are may be produced at different rates. Thus, 372 
it is cautioned that oxalate is not a good proxy for OA overall in haze.  373 

 374 

 375 
Figure 4. Size-resolved composition dC/dlog(D) for (red) polluted, (green) transition, and (blue) clear 376 
sample periods. Organic acids = sum of MSA, adipate, maleate, oxalate, phthalate. Sample set data were 377 
weighted by sample duration for the polluted and clean periods (note: transition period had just one set). 378 
Species that were below LOD in more than 50% of samples (see Table S1) are not shown.   379 

 380 
We next examine if NH3 was completely neutralized by HNO3 and H2SO4. A charge balance between 381 

SO4
2-, NO3

-, and NH4
+ can indicate complete neutralization with a slope of unity, as has been tested by other 382 

studies (e.g., Lee et al., 2003). A charge balance using individual stages of the three polluted sets collected at Inha 383 
University (NH4

+ on y-axis) between these three species (Fig. S3) yielded a best-fit line slope and y-intercept of 384 
1.34 and −0.02, respectively (R2 = 0.99, n = 20). Our data reveal an anion deficit and that there was sufficient 385 
NH3 to fully neutralize HNO3 and H2SO4. Furthermore, there likely was limited interaction of these acidic gases 386 
with coarse particles (e.g., dust and sea salt) that were relatively low in abundance.  387 
 388 
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5 Regional Conditions Influencing PM 389 
5.1 Atmospheric Circulation and Meteorology 390 

According to previous meteorological analysis (Park et al., 2020a), the airmass history for the polluted 391 
period was influenced by the interaction between a Siberian high-pressure system and a migratory anticyclone 392 
system, which were located over the Korean peninsula. From 28 February to 1 March 2019, a high-pressure system 393 
was located to the west and low-pressure systems were located to the east, all conspiring to yield westerly and 394 
northwesterly winds. Lee et al. (2019a) examined a similar time period (27 February – 7 March 2019) and 395 
suggested that pollution between 3 – 5 March was transported to the Seoul area at low and high altitudes from the 396 
Shandong Peninsula and Beijing, respectively. Pollution levels were exacerbated over South Korea due to a weak 397 
high pressure system lingering over the Korean peninsula between 2 and 5 March (Park et al., 2020a). This is 398 
evident from the HYSPLIT back-trajectories (Fig. 3a) showing airmasses moving slower in the polluted period 399 
versus the subsequent clean period (Fig. 3b). Following the lingering period, a low-pressure system moved in over 400 
Russia associated with more clouds and rain upwind of the sampling sites (Fig. S4). There were stronger winds 401 
that were northerly between 7 and 11 March. In both the polluted and clean periods, air masses descended from 402 
~2.5 – 4 km four days earlier to within the mixing layer (Fig. S4). The NAAPS spatial maps of speciated optical 403 
depths (Fig. S6) and surface mass concentrations (Fig. S7) confirm the spatial extent of the regional haze event 404 
extending from the Korean peninsula to areas like Beijing with the ABF (Anthropogenic and Biogenic Fine = 405 
SO4

2-, primary organic aerosols, and SOA) component being most prominent during the study period and the 406 
driver of the polluted period enhancements in PM, consistent with the dominance of SO4

2-, NO3
-, and NH4

+ from 407 
the in-situ measurements.  408 

The local weather conditions at both Incheon (Table 3) and Seoul (Table 4) exhibited the following 409 
common characteristics: (i) generally low average temperatures (< 10°C) that decreased after the polluted period; 410 
(ii) low average wind speeds (2.5 – 3.7 m s-1 in Incheon, < 2 m s-1 in Seoul); iii) highest mean PBLH during the 411 
transition period (1.87 km compared to ≤ 0.53 km for the other periods); (iii) lowest average humidity in the clean 412 
period (RH ≤ 51% and q ≤ 2.95 g kg-1); and (iv) negligible rain. Although locally there was negligible rain, there 413 
was some precipitation along the trajectories arriving at these sites in the polluted and clean periods (Fig. S4), 414 
with some potential to reduce aerosol concentrations via wet removal. The time series of these various 415 
environmental conditions at Incheon and Seoul (Fig. S8) demonstrate high temporal similarity and the similar 416 
characteristics noted above. The relatively low regional wind speeds during the polluted period (Figs. 3 and S8) 417 
indicate that transport was slow allowing for the accumulation and persistence of the haze over this whole domain. 418 
 419 
5.2 Gas Concentrations 420 

Gases (CO, O3, NO2, SO2) exhibited fairly similar values (Tables 3-4) and temporal patterns (Fig. S9) 421 
between Sungi and Seoul, with CO exhibiting the largest relative reduction between successive periods, followed 422 
by O3. PM2.5 only exhibited a strong relationship with CO at Sungi and Seoul based on correlation coefficients 423 
during the full study period (r = 0.84 and 0.87, respectively). As CO is a tracer for anthropogenic emissions 424 
(Fishman and Seiler, 1983), its high correlation with PM2.5 at both sites supports the strong influence of 425 
anthropogenic aerosol at both sites. The reduction of CO from the polluted to the clean period is possibly due to 426 
Chinese influence; in contrast to South Korea, combustion efficiency has been shown to be worse in China 427 
(Halliday et al., 2019), which supports the high CO levels during the polluted period with air masses coming from 428 
China. Carbon monoxide concentrations in Seoul exceeded Incheon by 177 ppb on average during the polluted 429 
period, suggestive of added influence from local emissions in Seoul superimposed on top of the transported 430 
pollution. Carbon monoxide is commonly used in calculations related to aerosol transport studies (e.g., 431 
Dadashazar et al., 2021;Hilario et al., 2021b) as it is relatively insensitive to wet scavenging processes with a long 432 
lifetime in the atmosphere (~1 month) compared to aerosol particles (Weinstock, 1969).  433 

    434 
6 Evidence for Enhanced Local Secondary Aerosol Production 435 
6.1 Differences Between Seoul and Incheon 436 

We now consider PM2.5 differences between Incheon and Seoul, where the latter exhibits elevated levels 437 
during most of the polluted period (Fig. 2). KORUS-AQ research highlighted that while transport brings aerosol 438 
particles from upwind sources, high humidity and cloudiness concentrates local pollution in a shallow stable 439 
boundary layer, which promotes secondary aerosol production (Jordan et al., 2020). Jordan et al. (2020) showed 440 
that Seoul exhibited PM2.5 levels that were on average ~10 µg m-3 higher than those at Incheon during the 441 
transport/haze period of KORUS-AQ that persisted for 7 days. The maximum daily mean enhancement of PM2.5 442 
in Seoul from Incheon over that period was 24 µg m-3, while the peak hourly mean enhancement reached 32 µg 443 
m-3. These observations were attributed plausibly to more local emissions in Seoul. The same explanation arguably 444 
applies to a large extent in our study period too, where the mean difference during the polluted period between 445 
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Seoul and Incheon PM2.5 was 10 µg m-3 for Sungi and 17 µg m-3 for Inha (Tables 3 and 4) with the peak hourly 446 
enhancement between Seoul and Sungi being nearly 60 µg m-3 (Fig. 2). Here again, humidity (both q and RH) is 447 
elevated and PBLH is low compared to the subsequent clean period when PM levels were drastically lower. As 448 
the two sites are quite close to one another (~ 30 km), the most likely explanation for higher PM levels at Seoul 449 
is more local emissions rather than additional aging to produce secondary aerosol species via transport. 450 
 451 
6.2 Role of Humidity  452 

One finding of this work is the significant amount of secondarily produced species in the 453 
supermicrometer range. More specifically, the relative fraction of SO4

2-, NO3
-, NH4

+, and organic acids in the 454 
supermicrometer range (i.e., technically D ≥ 0.94 µm) as compared to all sizes sampled at Inha (D ≥ 0.016 µm) 455 
during the polluted period was 43%, 44%, 42%, and 36%, respectively, which is appreciable and potentially 456 
influenced by the humid conditions. More specifically, it is hypothesized that in the polluted period there was both 457 
hygroscopic growth of particles and additional chemical uptake in those swollen particles with enhanced aerosol-458 
laden water to promote higher concentrations of these secondary species.  459 

Of the meteorological parameters shown in Tables 3-4, PM2.5 levels at Inha University, Sungi, and Seoul 460 
were best correlated with q (r = 0.66, 0.64, and 0.78, respectively) across the entire study period. The second-best 461 
relationship was with RH (r = 0.53, 0.47, and 0.53, respectively) with minimal relationships with either 462 
temperature (r: 0.02 – 0.17) or wind speed (-0.29 ≤ r ≤ 0.13). This motivates an examination of the relationships 463 
between PM and humidity to assess the plausibility of a role for heterogeneous secondary aerosol production from 464 
local and transported gas-phase precursors.  465 

One metric used to quantify such enhanced aerosol production is the oxidation ratio, specifically the 466 
sulfur and nitrogen oxidation ratios (SOR and NOR, respectively) where SOR = SO4

2-/(SO4
2- + SO2) and NOR = 467 

NO3
-/(NO3

- + NO2) (Colbeck and Harrison, 1984). Higher values of SOR and NOR indicate that the gaseous 468 
precursors form higher relative amounts of SO4

2- and NO3
-, respectively (Kaneyasu et al., 1995). Previous studies 469 

have reported increased SOR and NOR as a function of RH at several locations throughout China including 470 
Nanjing, Beijing, Hangzhou, and Xi’an (Zhang et al., 2021;Quan et al., 2015;Wu et al., 2018;Huang et al., 2020;Ji 471 
et al., 2018). In particular, Huang et al. (2020) showed that SOR increased exponentially with aerosol water 472 
content when RH > 50% in Beijing during polluted periods in the wintertime. Given our finding that q is better 473 
correlated with PM2.5 than RH, we compare SOR and NOR to q (Fig. 5). We evaluate these ratios for Seoul data 474 
only as all the requisite data were measured at the same site. The mean (± standard deviation) of NOR during the 475 
three time periods of the study was as follows: polluted = 0.39 ± 0.1; transition = 0.22 ± 0.10; clean = 0.09 ± 0.04. 476 
Similarly, the mean (± standard deviation) of SOR was as follows: polluted = 0.51 ± 0.06; transition = 0.44 ± 0.14; 477 
clean = 0.14 ± 0.07. We find a positive relationship between NOR and SOR with q(RH), with R2 values being 478 
0.58(0.24) and 0.82(0.43), respectively. For context, during a polluted period in Xi’an, China, NOR and SOR 479 
values were 0.32 and 0.33, respectively, with high R2 values with aerosol water content (NOR = 0.55; SOR = 0.81) 480 
(Zhang et al., 2021). While the average q and RH were slightly higher for the transition period in Seoul relative 481 
to the polluted period (Table 4), the peak values of q, RH, SOR, and NOR all occurred during the beginning of 482 
the polluted period (Fig. S10). 483 

This study’s results suggest there was significant heterogeneous processing to produce species like SO4
2-, 484 

NO3
-, NH4

+, and organic acids above ~1 µm. These species accounted for ~93% of the total speciated ion mass at 485 
Inha during the polluted period (Table 3) and are strongly correlated with one another (0.93 ≤ r ≤ 1.00). 486 
Heterogeneous production of inorganic species such as SO4

2- in cloudy and humid conditions is common for the 487 
study region (Jeon et al., 2021;Jordan et al., 2020;Park et al., 2020b). Furthermore, significant secondary 488 
production of SO4

2- above 1 um at high RH has been noted in Beijing (Wang et al., 2020). Mechanisms potentially 489 
responsible include aqueous oxidation by O3, H2O2, and transition-metal ion-catalyzed O2, and also heterogeneous 490 
oxidation on surfaces of aerosol particles and droplets via the same oxidants (Li et al., 2020). Table 4 shows that 491 
at Seoul the concentrations of elements such as Fe, Cu, Zn, and Pb were higher during the polluted period, which 492 
is assumed to be similar at Incheon, supporting the possibility of transition metal-catalyzed secondary production 493 
of secondary SO4

2-. Enhanced aerosol liquid water in more humid conditions also promotes partitioning of species 494 
to the aerosol-phase as has been documented for NO3

- in the study region (Seo et al., 2020) and is common for 495 
organic acid precursors (Hennigan et al., 2008;Hennigan et al., 2009;Sorooshian et al., 2010). The increased total 496 
concentration of NH4

+ in the polluted period relative to the clean period and strong correlation with SO4
2-, NO3

-, 497 
and oxalate is related to its key role in salt formation (Paciga et al., 2014;Seinfeld and Pandis, 2016;Zhang et al., 498 
2015).   499 
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 500 
 501 
Figure 5. (a) Nitrogen oxidation ratio (NOR) and (b) sulfur oxidation ratio (SOR) as a function of q based 502 
on hourly Seoul data. Points are colored by PM2.5 with shapes assigned to the three time periods in the study. 503 
 504 
6.3 Does PM1 Composition Represent PM2.5 Composition? 505 

The size-resolved composition data in Incheon allows for a comparison of how the composition of 506 
PM0.94 differs from the fraction of remaining material contributing to PM2.5 (denoted PM2.5-0.94). Figure 6 shows 507 
that while the transition and clean periods exhibit differences between the apportionment of the mass between 508 
PM0.94 and PM2.5-0.94, during the polluted period the composition is essentially the same. This supports the 509 
argument that the presence of supermicrometer secondary inorganic species derives from the same processes the 510 
give rise to those compounds in PM0.94. Hence, composition measurements using instruments that exclude 511 
supermicrometer particles can be used to investigate the composition and evolution of East Asian haze events. 512 
Further, models can reliably apply PM1 composition apportionment to the full PM2.5 size range in their assessments 513 
of sources and mitigation strategies for these events. A cautionary note is that these implications apply when PM 514 
is dominated by inorganics, as with our case, with a limitation of our analysis being the lack of comprehensive 515 
size-resolved OC measurements. However, the differences evident in the transition and clean periods imply that 516 
under other atmospheric conditions PM1 composition measurements will not fully reflect the apportionment of 517 
PM2.5 aerosols. Another important conclusion from Fig. 6 is that the relative amount of PM2.5-0.94 versus PM0.94 518 
was highest in the polluted period (39% of speciated PM2.5 vs. 28% for transition and 21% for clean), further 519 
reinforcing that there was increased production of secondarily formed inorganic species in the coarse mode.  520 

 521 
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 522 

Figure 6. Percent composition of (left panels) PM0.94 and (right panels) particulate mass between 0.94 and 523 
2.50 µm (PM2.5-0.94) for the (a) polluted, (b) transition, and (c) clean periods. Any parameter with percent 524 
mass composition ≤ 5% is grouped into the ‘other’ category of each diagram. Mean mass concentrations 525 
associated with PM0.94 and PM2.5-0.94 for the three time periods (weighted by sample duration for each period) 526 
are provided next to each pie. 527 

 528 
6.4 Nitrate-dominated Haze Event 529 

Contrasting this pollution event with another one investigated during KORUS-AQ (May – June 2016) 530 
points to a difference in the relative amount of NO3

- versus SO4
2- (Jordan et al., 2020). The KORUS-AQ event 531 

exhibited comparable amounts between the two species. Compared to that event’s concentrations, NO3
- is about 532 

an order of magnitude larger in this study, while SO4
2- is only about a factor of two greater. Gas-phase SO2 is 533 

comparable between the two events. The difference is most likely explained by the much lower temperatures in 534 
the March 2019 event relative to the other study, which is thermodynamically more favorable for HNO3 535 
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partitioning to the particle phase to increase NO3
- levels (Seinfeld and Pandis, 2016). The ratio NO3

-:SO4
2- based 536 

on the full size distribution of the Inha filter sets was ~2.1 during the polluted period, where for the Seoul PM2.5 537 
data the ratio was ~2.2. The relative production of NO3

- relative to SO4
2- likely varies seasonally with colder 538 

temperatures and higher humidity more conducive to higher NO3
- and thus PM2.5 levels. High NO3

- events were 539 
not particularly common, as shown especially for Beijing (Yang et al., 2017), requiring favorable conditions such 540 
as cold temperatures, high humidity, a shallow boundary layer, and high precursor levels. However, with 541 
reductions in sulfate precursor emissions, high NO3

- events are increasingly reported in the literature (e.g., Xu et 542 
al., 2019; Zhou et al., 2022). The factors observed here in the March 2019 transboundary pollution event led to 543 
high NO3

- levels. 544 
 545 
7 Conclusions 546 

This work relies on a unique dataset collected during a major transboundary pollution event that impacted 547 
the Korean peninsula in March 2019. In-situ gas, aerosol, and meteorological data are compared between Incheon 548 
(coastal) and Seoul (inland) along with the use of HYSPLIT and NAAPS reanalysis data. The results reveal 549 
notable features that are important for both regulatory purposes and general understanding of aerosol transport 550 
and formation processes.  551 
 552 

• The pollution event stemmed from westerly transport under meteorological conditions that promoted 553 
secondary inorganic aerosol production in Incheon and Seoul. 554 

• Seoul exhibited significantly higher PM2.5 levels than Incheon during the polluted period with the 555 
difference arising from some combination of local emissions and extensive secondary aerosol formation 556 
due to favorable environmental conditions: low temperatures, elevated q and RH, and a shallow boundary 557 
layer.  558 

• Secondarily produced inorganic and organic acids exhibited significant mass concentrations above 0.94 559 
µm during the polluted period (~40% of total mass), and their size-resolved concentrations were highly 560 
correlated (0.94 ≤ r ≤ 1.00). The lack of coarse particle influence in promoting concentrations of species 561 
like SO4

2-, NO3
-, NH4

+, and oxalate provided added support for the role of secondary aerosol formation 562 
assisted by high humidity. PM2.5 at Seoul and Incheon were best related to q and RH as compared to 563 
other examined meteorological parameters. The higher humidities during the polluted period were 564 
coincident with increased sulfur and nitrogen oxidation ratios. This highlights the importance of 565 
heterogeneous processing and hygroscopic growth in contributing to the high supermicrometer 566 
concentrations of inorganic and organic acids in the polluted period. Increased particle size with 567 
hygroscopic growth in the humid conditions likely led to increased chemical uptake.  568 

• High values of both NO3
- mass and NO3

-:SO4
2- mass ratios were observed at both Incheon and Seoul, 569 

likely due to low temperatures promoting efficient NO3
- formation.  570 

 571 
The size distribution information from this work addresses specific concerns that have been raised about 572 

the applicability of PM1 composition datasets to understanding PM2.5 air quality exceedances in East Asian haze 573 
events. Here, we show that PM2.5 composition apportionment for water-soluble ions is fully captured by the PM1 574 
fraction for this haze pollution event. Greater differences in the composition apportionment were observed for 575 
other atmospheric conditions after the haze period of this study. The contrast in the dominance of NO3

- here 576 
(March 2019, T ≈ 9°C) versus the comparable amounts of NO3

- and SO4
2- observed during the KORUS-AQ 577 

campaign haze event (May 2016, T ≈ 20°C) points to the importance of conducting measurements at different 578 
times of the year to more fully understand haze formation and its impacts on air quality. Equally important is the 579 
use of these data to rigorously test apportionment of PM2.5 composition in air quality models to ensure that the 580 
integrated impacts of transport and enhanced chemistry are adequately represented. This work contributes to the 581 
growing body of data required for ongoing model assessments of PM2.5 that will inform mitigation strategies to 582 
improve air quality in South Korea. 583 
 584 
Data Availability. 585 
The sampled aerosol and meteorological data used in this study can be accessed at 586 
https://doi.org/10.6084/m9.figshare.16910686.v1. The NAAPS data used in this study can be accessed at 587 
https://nrlgodae1.nrlmry.navy.mil/cgi-bin/datalist.pl?dset=nrl_naaps_reanalysis&summary=Go. 588 
 589 
Author contributions. 590 

Page 67 of 112



20 

 

 

Joseph Schlosser, Armin Sorooshian, Carolyn Jordan, Katharine Travis, and James Crawford performed the 591 
analysis and prepared the manuscript. Jong-sang Youn, Connor Stahl, and Yen Thi-Hoang Le, Hye-Jung Shin, 592 
and In-ho Song conducted sample collection and/or analysis. All authors provided editorial support. 593 
 594 
Competing interests. 595 
The authors declare that they have no conflict of interest. 596 
 597 
Acknowledgements. 598 
Incheon (Inha University) data were provided by the Particle Pollution Research and Management Center. Seoul 599 
monitoring data were provided by the National Institute of Environmental Research (NIER, NIER-2021-03-03-600 
001). We acknowledge the use of imagery from the NASA Worldview application 601 
(https://worldview.earthdata.nasa.gov), part of the NASA Earth Observing System Data and Information System 602 
(EOSDIS). The authors acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the 603 
HYSPLIT transport and dispersion model and READY website (http://ready.arl.noaa.gov, last access: 27 October 604 
2021) used in this work. 605 

 606 
Financial Support. 607 
This research was supported by the FRIEND (Fine Particle Research Initiative in East Asia Considering National 608 
Differences) Project through the National Research Foundation of Korea (NRF) funded by the Ministry of Science 609 
and ICT. (2020M3G1A1114626). Data analysis was funded by ONR grants N00014-21-1-2115 and 610 
N0001421WX00227. In addition, this work was supported by the Catholic University of Korea, Research Fund, 611 
2021. 612 

613 

Page 68 of 112



21 

 

 

References 614 

Aldhaif, A. M., Lopez, D. H., Dadashazar, H., Painemal, D., Peters, A. J., and Sorooshian, A.: An Aerosol 615 
Climatology and Implications for Clouds at a Remote Marine Site: Case Study Over Bermuda, J. Geophys. Res. 616 
Atmos., 126, e2020JD034038, https://doi.org/10.1029/2020JD034038, 2021. 617 
Arimoto, R., Duce, R. A., Savoie, D. L., and Prospero, J. M.: Trace elements in aerosol particles from Bermuda 618 
and Barbados: Concentrations, sources and relationships to aerosol sulfate, J. Atmos. Chem., 14, 439-457, 619 
10.1007/BF00115250, 1992. 620 
AzadiAghdam, M., Braun, R. A., Edwards, E.-L., Bañaga, P. A., Cruz, M. T., Betito, G., Cambaliza, M. O., 621 
Dadashazar, H., Lorenzo, G. R., Ma, L., MacDonald, A. B., Nguyen, P., Simpas, J. B., Stahl, C., and Sorooshian, 622 
A.: On the nature of sea salt aerosol at a coastal megacity: Insights from Manila, Philippines in Southeast Asia, 623 
Atmos. Environ., 216, 116922, https://doi.org/10.1016/j.atmosenv.2019.116922, 2019. 624 
Bolton, D.: The Computation of Equivalent Potential Temperature, Monthly Weather Review, 108, 1046-1053, 625 
10.1175/1520-0493(1980)108<1046:tcoept>2.0.co;2, 1980. 626 
Cha, Y., Lee, S., and Lee, J.: Measurement of Black Carbon Concentration and Comparison with PM10 and PM2.5 627 
Concentrations Monitored in Chungcheong Province, Korea, Aerosol Air Qual. Res., 19, 541-547, 628 
10.4209/aaqr.2018.08.0325, 2019. 629 
Chen, Y., Wild, O., Wang, Y., Ran, L., Teich, M., Größ, J., Wang, L., Spindler, G., Herrmann, H., van Pinxteren, 630 
D., McFiggans, G., and Wiedensohler, A.: The influence of impactor size cut-off shift caused by hygroscopic 631 
growth on particulate matter loading and composition measurements, Atmospheric Environment, 195, 141-148, 632 
https://doi.org/10.1016/j.atmosenv.2018.09.049, 2018. 633 
Cheng, Y., Zheng, G., Wei, C., Mu, Q., Zheng, B., Wang, Z., Gao, M., Zhang, Q., He, K., Carmichael, G., Pöschl, 634 
U., and Su, H.: Reactive nitrogen chemistry in aerosol water as a source of sulfate during haze events in China, 635 
Sci. Adv., 2, e1601530, 10.1126/sciadv.1601530, 2016. 636 
Cho, J. H., Kim, H. S., and Chung, Y. S.: Spatio-temporal changes of PM10 trends in South Korea caused by East 637 
Asian atmospheric variability, Air Qual. Atmos. Health, 14, 1001-1016, 10.1007/s11869-021-00995-y, 2021. 638 
Choi, J., Park, R. J., Lee, H.-M., Lee, S., Jo, D. S., Jeong, J. I., Henze, D. K., Woo, J.-H., Ban, S.-J., Lee, M.-D., 639 
Lim, C.-S., Park, M.-K., Shin, H. J., Cho, S., Peterson, D., and Song, C.-K.: Impacts of local vs. trans-boundary 640 
emissions from different sectors on PM2.5 exposure in South Korea during the KORUS-AQ campaign, Atmos. 641 
Environ., 203, 196-205, https://doi.org/10.1016/j.atmosenv.2019.02.008, 2019a. 642 
Choi, M., Lim, H., Kim, J., Lee, S., Eck, T. F., Holben, B. N., Garay, M. J., Hyer, E. J., Saide, P. E., and Liu, H.: 643 
Validation, comparison, and integration of GOCI, AHI, MODIS, MISR, and VIIRS aerosol optical depth over 644 
East Asia during the 2016 KORUS-AQ campaign, Atmos. Meas. Tech., 12, 4619-4641, 10.5194/amt-12-4619-645 
2019, 2019b. 646 
Colbeck, I., and Harrison, R. M.: Ozone—secondary aerosol—visibility relationships in North-West England, Sci. 647 
Total Environ., 34, 87-100, 1984. 648 
Crosbie, E., Sorooshian, A., Monfared, N. A., Shingler, T., and Esmaili, O.: A Multi-Year Aerosol Characterization 649 
for the Greater Tehran Area Using Satellite, Surface, and Modeling Data, Atmosphere, 5, 178-197, 2014. 650 
Cruz, M. T., Bañaga, P. A., Betito, G., Braun, R. A., Stahl, C., Aghdam, M. A., Cambaliza, M. O., Dadashazar, H., 651 
Hilario, M. R., Lorenzo, G. R., Ma, L., MacDonald, A. B., Pabroa, P. C., Yee, J. R., Simpas, J. B., and Sorooshian, 652 
A.: Size-resolved composition and morphology of particulate matter during the southwest monsoon in Metro 653 
Manila, Philippines, Atmos. Chem. Phys., 19, 10675-10696, 10.5194/acp-19-10675-2019, 2019. 654 
Dadashazar, H., Alipanah, M., Hilario, M. R. A., Crosbie, E., Kirschler, S., Liu, H., Moore, R. H., Peters, A. J., 655 
Scarino, A. J., Shook, M., Thornhill, K. L., Voigt, C., Wang, H., Winstead, E., Zhang, B., Ziemba, L., and 656 
Sorooshian, A.: Aerosol Responses to Precipitation Along North American Air Trajectories Arriving at Bermuda, 657 
Atmos. Chem. Phys. Discuss., 2021, 1-34, 10.5194/acp-2021-471, 2021. 658 
Eck, T. F., Holben, B. N., Kim, J., Beyersdorf, A. J., Choi, M., Lee, S., Koo, J. H., Giles, D. M., Schafer, J. S., 659 
Sinyuk, A., Peterson, D. A., Reid, J. S., Arola, A., Slutsker, I., Smirnov, A., Sorokin, M., Kraft, J., Crawford, J. H., 660 
Anderson, B. E., Thornhill, K. L., Diskin, G., Kim, S.-W., and Park, S.: Influence of cloud, fog, and high relative 661 
humidity during pollution transport events in South Korea: Aerosol properties and PM2.5 variability, Atmos. 662 
Environ., 232, 117530, https://doi.org/10.1016/j.atmosenv.2020.117530, 2020. 663 
Ervens, B., Feingold, G., Frost, G. J., and Kreidenweis, S. M.: A modeling study of aqueous production of 664 
dicarboxylic acids: 1. Chemical pathways and speciated organic mass production, J. Geophys. Res. Atmos., 109, 665 
https://doi.org/10.1029/2003JD004387, 2004. 666 
Fishman, J., and Seiler, W.: Correlative nature of ozone and carbon monoxide in the troposphere: Implications for 667 
the tropospheric ozone budget, J. Geophys. Res. Oceans, 88, 3662-3670, 668 
https://doi.org/10.1029/JC088iC06p03662, 1983. 669 

Page 69 of 112



22 

 

 

Gelaro, R., McCarty, W., Suárez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C., Darmenov, A., Bosilovich, 670 
M. G., Reichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, V., Conaty, A., da Silva, 671 
A., Gu, W., Kim, G.-K., Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, 672 
W., Rienecker, M., Schubert, S. D., Sienkiewicz, M., and Zhao, B.: The Modern-Era Retrospective Analysis for 673 
Research and Applications, Version 2 (MERRA-2), J. Clim., Volume 30, 5419-5454, 10.1175/JCLI-D-16-0758.1, 674 
2017. 675 
GMAO: MERRA-2 tavg1_2d_flx_Nx: 2d,1-Hourly,Time-Averaged,Single-Level,Assimilation,Surface Flux 676 
Diagnostics V5.12.4, in, edited by: DISC), G. E. S. D. a. I. S. C. G., Greenbelt, MD, 2015. 677 
Guttikunda, S. K., Carmichael, G. R., Calori, G., Eck, C., and Woo, J.-H.: The contribution of megacities to 678 
regional sulfur pollution in Asia, Atmos. Environ., 37, 11-22, https://doi.org/10.1016/S1352-2310(02)00821-X, 679 
2003. 680 
Halliday, H. S., DiGangi, J. P., Choi, Y., Diskin, G. S., Pusede, S. E., Rana, M., Nowak, J. B., Knote, C., Ren, X., 681 
He, H., Dickerson, R. R., and Li, Z.: Using Short-Term CO/CO2 Ratios to Assess Air Mass Differences Over the 682 
Korean Peninsula During KORUS-AQ, J. Geophys. Res. Atmos., 124, 10951-10972, 683 
https://doi.org/10.1029/2018JD029697, 2019. 684 
Heim, E. W., Dibb, J., Scheuer, E., Jost, P. C., Nault, B. A., Jimenez, J. L., Peterson, D., Knote, C., Fenn, M., Hair, 685 
J., Beyersdorf, A. J., Corr, C., and Anderson, B. E.: Asian dust observed during KORUS-AQ facilitates the uptake 686 
and incorporation of soluble pollutants during transport to South Korea, Atmos. Environ., 224, 117305, 687 
https://doi.org/10.1016/j.atmosenv.2020.117305, 2020. 688 
Hennigan, C. J., Bergin, M. H., Dibb, J. E., and Weber, R. J.: Enhanced secondary organic aerosol formation due 689 
to water uptake by fine particles, Geophys. Res. Lett., 35, https://doi.org/10.1029/2008GL035046, 2008. 690 
Hennigan, C. J., Bergin, M. H., Russell, A. G., Nenes, A., and Weber, R. J.: Gas/particle partitioning of water-691 
soluble organic aerosol in Atlanta, Atmos. Chem. Phys., 9, 3613-3628, 10.5194/acp-9-3613-2009, 2009. 692 
Hersey, S. P., Garland, R. M., Crosbie, E., Shingler, T., Sorooshian, A., Piketh, S., and Burger, R.: An overview of 693 
regional and local characteristics of aerosols in South Africa using satellite, ground, and modeling data, Atmos. 694 
Chem. Phys., 15, 4259-4278, 10.5194/acp-15-4259-2015, 2015. 695 
Hilario, M. R. A., Crosbie, E., Bañaga, P. A., Betito, G., Braun, R. A., Cambaliza, M. O., Corral, A. F., Cruz, M. 696 
T., Dibb, J. E., Lorenzo, G. R., MacDonald, A. B., Robinson, C. E., Shook, M. A., Simpas, J. B., Stahl, C., 697 
Winstead, E., Ziemba, L. D., and Sorooshian, A.: Particulate Oxalate-To-Sulfate Ratio as an Aqueous Processing 698 
Marker: Similarity Across Field Campaigns and Limitations, Geophys. Res. Lett., 48, e2021GL096520, 699 
https://doi.org/10.1029/2021GL096520, 2021a. 700 
Hilario, M. R. A., Crosbie, E., Shook, M., Reid, J. S., Cambaliza, M. O. L., Simpas, J. B. B., Ziemba, L., DiGangi, 701 
J. P., Diskin, G. S., Nguyen, P., Turk, F. J., Winstead, E., Robinson, C. E., Wang, J., Zhang, J., Wang, Y., Yoon, S., 702 
Flynn, J., Alvarez, S. L., Behrangi, A., and Sorooshian, A.: Measurement report: Long-range transport patterns 703 
into the tropical northwest Pacific during the CAMP2Ex aircraft campaign: chemical composition, size 704 
distributions, and the impact of convection, Atmos. Chem. Phys., 21, 3777-3802, 10.5194/acp-21-3777-2021, 705 
2021b. 706 
Hogan, T. F., Liu, M., Ridout, J. A., Peng, M. S., Whitcomb, T. R., Ruston, B. C., Reynolds, C. A., Eckermann, S. 707 
D., Moskaitis, J. R., Baker, N. L., McCormack, J. P., Viner, K. C., McLay, J. G., Flatau, M. K., Xu, L., Chen, C., 708 
and Chang, S. W.: The Navy Global Environmental Model, Oceanography, 27, 116-125, 2014. 709 
Hu, J., Wang, Y., Ying, Q., and Zhang, H.: Spatial and temporal variability of PM2.5 and PM10 over the North 710 
China Plain and the Yangtze River Delta, China, Atmos. Environ., 95, 598-609, 711 
https://doi.org/10.1016/j.atmosenv.2014.07.019, 2014. 712 
Huang, R.-J., Zhang, Y., Bozzetti, C., Ho, K.-F., Cao, J.-J., Han, Y., Daellenbach, K. R., Slowik, J. G., Platt, S. M., 713 
Canonaco, F., Zotter, P., Wolf, R., Pieber, S. M., Bruns, E. A., Crippa, M., Ciarelli, G., Piazzalunga, A., 714 
Schwikowski, M., Abbaszade, G., Schnelle-Kreis, J., Zimmermann, R., An, Z., Szidat, S., Baltensperger, U., 715 
Haddad, I. E., and Prévôt, A. S. H.: High secondary aerosol contribution to particulate pollution during haze events 716 
in China, Nature, 514, 218-222, 10.1038/nature13774, 2014. 717 
Huang, R. J., He, Y., Duan, J., Li, Y., Chen, Q., Zheng, Y., Chen, Y., Hu, W., Lin, C., Ni, H., Dai, W., Cao, J., Wu, 718 
Y., Zhang, R., Xu, W., Ovadnevaite, J., Ceburnis, D., Hoffmann, T., and O'Dowd, C. D.: Contrasting sources and 719 
processes of particulate species in haze days with low and high relative humidity in wintertime Beijing, Atmos. 720 
Chem. Phys., 20, 9101-9114, 10.5194/acp-20-9101-2020, 2020. 721 
Hyer, E. J., Reid, J. S., and Zhang, J.: An over-land aerosol optical depth data set for data assimilation by filtering, 722 
correction, and aggregation of MODIS Collection 5 optical depth retrievals, Atmos. Meas. Tech., 4, 379-408, 723 
10.5194/amt-4-379-2011, 2011. 724 
Jeon, W., Park, J., Choi, Y., Mun, J., Kim, D., Kim, C.-H., Lee, H.-J., Bak, J., and Jo, H.-Y.: The mechanism of 725 
the formation of high sulfate concentrations over the Yellow Sea during the KORUS-AQ period: The effect of 726 

Page 70 of 112



23 

 

 

transport/atmospheric chemistry and ocean emissions, Atmos. Res., 105756, 727 
https://doi.org/10.1016/j.atmosres.2021.105756, 2021. 728 
Ji, Y., Qin, X., Wang, B., Xu, J., Shen, J., Chen, J., Huang, K., Deng, C., Yan, R., Xu, K., and Zhang, T.: 729 
Counteractive effects of regional transport and emission control on the formation of fine particles: a case study 730 
during the Hangzhou G20 summit, Atmos. Chem. Phys., 18, 13581-13600, 10.5194/acp-18-13581-2018, 2018. 731 
Jordan, C. E., Crawford, J. H., Beyersdorf, A. J., Eck, T. F., Halliday, H. S., Nault, B. A., Chang, L.-S., Park, J., 732 
Park, R., Lee, G., Kim, H., Ahn, J.-y., Cho, S., Shin, H. J., Lee, J. H., Jung, J., Kim, D.-S., Lee, M., Lee, T., 733 
Whitehill, A., Szykman, J., Schueneman, M. K., Campuzano-Jost, P., Jimenez, J. L., DiGangi, J. P., Diskin, G. S., 734 
Anderson, B. E., Moore, R. H., Ziemba, L. D., Fenn, M. A., Hair, J. W., Kuehn, R. E., Holz, R. E., Chen, G., 735 
Travis, K., Shook, M., Peterson, D. A., Lamb, K. D., and Schwarz, J. P.: Investigation of factors controlling PM2.5 736 
variability across the South Korean Peninsula during KORUS-AQ, Elementa, 8, 10.1525/elementa.424, 2020. 737 
Kaneyasu, N., Ohta, S., and Murao, N.: Seasonal variation in the chemical composition of atmospheric aerosols 738 
and gaseous species in Sapporo, Japan, Atmos. Environ., 29, 1559-1568, https://doi.org/10.1016/1352-739 
2310(94)00356-P, 1995. 740 
Kim, H.-S., Chung, Y.-S., and Lee, S.-G.: Characteristics of aerosol types during large-scale transport of air 741 
pollution over the Yellow Sea region and at Cheongwon, Korea, in 2008, Environ. Monit. Assess., 184, 1973-742 
1984, 10.1007/s10661-011-2092-9, 2012. 743 
Kim, Y. P., and Lee, G.: Trend of Air Quality in Seoul: Policy and Science, Aerosol Air Qual. Res., 18, 2141-2156, 744 
10.4209/aaqr.2018.03.0081, 2018. 745 
Koo, J.-H., Kim, J., Lee, Y. G., Park, S. S., Lee, S., Chong, H., Cho, Y., Kim, J., Choi, K., and Lee, T.: The 746 
implication of the air quality pattern in South Korea after the COVID-19 outbreak, Sci. Rep., 10, 22462, 747 
10.1038/s41598-020-80429-4, 2020. 748 
Koo, Y.-S., Yun, H.-Y., Choi, D.-R., Han, J.-S., Lee, J.-B., and Lim, Y.-J.: An analysis of chemical and 749 
meteorological characteristics of haze events in the Seoul metropolitan area during January 12–18, 2013, Atmos. 750 
Environ., 178, 87-100, https://doi.org/10.1016/j.atmosenv.2018.01.037, 2018. 751 
Population Statistics: https://kosis.kr/statHtml/statHtml.do?orgId=101&tblId=DT_1B040A3, 2021. 752 
Lamb, K. D., Perring, A. E., Samset, B., Peterson, D., Davis, S., Anderson, B. E., Beyersdorf, A., Blake, D. R., 753 
Campuzano-Jost, P., Corr, C. A., Diskin, G. S., Kondo, Y., Moteki, N., Nault, B. A., Oh, J., Park, M., Pusede, S. 754 
E., Simpson, I. J., Thornhill, K. L., Wisthaler, A., and Schwarz, J. P.: Estimating Source Region Influences on 755 
Black Carbon Abundance, Microphysics, and Radiative Effect Observed Over South Korea, J. Geophys. Res. 756 
Atmos., 123, 13,527-513,548, https://doi.org/10.1029/2018JD029257, 2018. 757 
Lee, D., Choi, J.-Y., Myoung, J., Kim, O., Park, J., Shin, H.-J., Ban, S.-J., Park, H.-J., and Nam, K.-P.: Analysis 758 
of a Severe PM2.5 Episode in the Seoul Metropolitan Area in South Korea from 27 February to 7 March 2019: 759 
Focused on Estimation of Domestic and Foreign Contribution, Atmosphere, 10, 756, 2019a. 760 
Lee, J. Y., and Kim, Y. P.: Source apportionment of the particulate PAHs at Seoul, Korea: impact of long range 761 
transport to a megacity, Atmos. Chem. Phys., 7, 3587-3596, 10.5194/acp-7-3587-2007, 2007. 762 
Lee, S., Hong, J., Cho, Y., Choi, M., Kim, J., Park, S. S., Ahn, J.-Y., Kim, S.-K., Moon, K.-J., Eck, T. F., Holben, 763 
B. N., and Koo, J.-H.: Characteristics of Classified Aerosol Types in South Korea during the MAPS-Seoul 764 
Campaign, Aerosol Air Qual. Res., 18, 2195-2206, 10.4209/aaqr.2017.11.0474, 2018. 765 
Lee, S., Kim, J., Choi, M., Hong, J., Lim, H., Eck, T. F., Holben, B. N., Ahn, J.-Y., Kim, J., and Koo, J.-H.: 766 
Analysis of long-range transboundary transport (LRTT) effect on Korean aerosol pollution during the KORUS-767 
AQ campaign, Atmos. Environ., 204, 53-67, https://doi.org/10.1016/j.atmosenv.2019.02.020, 2019b. 768 
Lee, S., Kim, M., Kim, S.-Y., Lee, D.-W., Lee, H., Kim, J., Le, S., and Liu, Y.: Assessment of long-range 769 
transboundary aerosols in Seoul, South Korea from Geostationary Ocean Color Imager (GOCI) and ground-based 770 
observations, Environ. Pollut., 269, 115924, https://doi.org/10.1016/j.envpol.2020.115924, 2021. 771 
Lee, Y.-N., Weber, R., Ma, Y., Orsini, D., Maxwell-Meier, K., Blake, D., Meinardi, S., Sachse, G., Harward, C., 772 
Chen, T.-Y., Thornton, D., Tu, F.-H., and Bandy, A.: Airborne measurement of inorganic ionic components of fine 773 
aerosol particles using the particle-into-liquid sampler coupled to ion chromatography technique during ACE-774 
Asia and TRACE-P, J. Geophys. Res. Atmos., 108, https://doi.org/10.1029/2002JD003265, 2003. 775 
Lennartson, E. M., Wang, J., Gu, J., Castro Garcia, L., Ge, C., Gao, M., Choi, M., Saide, P. E., Carmichael, G. R., 776 
Kim, J., and Janz, S. J.: Diurnal variation of aerosol optical depth and PM2.5 in South Korea: a synthesis from 777 
AERONET, satellite (GOCI), KORUS-AQ observation, and the WRF-Chem model, Atmos. Chem. Phys., 18, 778 
15125-15144, 10.5194/acp-18-15125-2018, 2018. 779 
Li, J., Zhang, Y.-L., Cao, F., Zhang, W., Fan, M., Lee, X., and Michalski, G.: Stable Sulfur Isotopes Revealed a 780 
Major Role of Transition-Metal Ion-Catalyzed SO2 Oxidation in Haze Episodes, Environ. Sci. Technol., 54, 2626-781 
2634, 10.1021/acs.est.9b07150, 2020. 782 

Page 71 of 112



24 

 

 

Li, K., Chen, L., White, S. J., Zheng, X., Lv, B., Lin, C., Bao, Z., Wu, X., Gao, X., Ying, F., Shen, J., Azzi, M., 783 
and Cen, K.: Chemical characteristics and sources of PM1 during the 2016 summer in Hangzhou, Environ. Pollut., 784 
232, 42-54, https://doi.org/10.1016/j.envpol.2017.09.016, 2018. 785 
Lynch, P., Reid, J. S., Westphal, D. L., Zhang, J., Hogan, T. F., Hyer, E. J., Curtis, C. A., Hegg, D. A., Shi, Y., 786 
Campbell, J. R., Rubin, J. I., Sessions, W. R., Turk, F. J., and Walker, A. L.: An 11-year global gridded aerosol 787 
optical thickness reanalysis (v1.0) for atmospheric and climate sciences, Geosci. Model Dev., 9, 1489-1522, 788 
10.5194/gmd-9-1489-2016, 2016. 789 
MacDonald, A. B., Dadashazar, H., Chuang, P. Y., Crosbie, E., Wang, H., Wang, Z., Jonsson, H. H., Flagan, R. C., 790 
Seinfeld, J. H., and Sorooshian, A.: Characteristic Vertical Profiles of Cloud Water Composition in Marine 791 
Stratocumulus Clouds and Relationships With Precipitation, J. Geophys. Res. Atmos., 123, 3704-3723, 792 
https://doi.org/10.1002/2017JD027900, 2018. 793 
Maudlin, L. C., Wang, Z., Jonsson, H. H., and Sorooshian, A.: Impact of wildfires on size-resolved aerosol 794 
composition at a coastal California site, Atmos. Environ., 119, 59-68, 795 
https://doi.org/10.1016/j.atmosenv.2015.08.039, 2015. 796 
Mora, M., Braun, R. A., Shingler, T., and Sorooshian, A.: Analysis of remotely sensed and surface data of aerosols 797 
and meteorology for the Mexico Megalopolis Area between 2003 and 2015, J. Geophys. Res. Atmos., 122, 8705-798 
8723, https://doi.org/10.1002/2017JD026739, 2017. 799 
Nault, B. A., Campuzano-Jost, P., Day, D. A., Schroder, J. C., Anderson, B., Beyersdorf, A. J., Blake, D. R., Brune, 800 
W. H., Choi, Y., Corr, C. A., de Gouw, J. A., Dibb, J., DiGangi, J. P., Diskin, G. S., Fried, A., Huey, L. G., Kim, 801 
M. J., Knote, C. J., Lamb, K. D., Lee, T., Park, T., Pusede, S. E., Scheuer, E., Thornhill, K. L., Woo, J. H., and 802 
Jimenez, J. L.: Secondary organic aerosol production from local emissions dominates the organic aerosol budget 803 
over Seoul, South Korea, during KORUS-AQ, Atmos. Chem. Phys., 18, 17769-17800, 10.5194/acp-18-17769-804 
2018, 2018. 805 
Paciga, A. L., Riipinen, I., and Pandis, S. N.: Effect of Ammonia on the Volatility of Organic Diacids, Environ. 806 
Sci. Technol., 48, 13769-13775, 10.1021/es5037805, 2014. 807 
Park, G., Kim, K., Park, T., Kang, S., Ban, J., Choi, S., Yu, D.-G., Lee, S., Lim, Y., Kim, S., Mun, S., Woo, J.-H., 808 
Jeon, C.-S., and Lee, T.: Primary and secondary aerosols in small passenger vehicle emissions: Evaluation of 809 
engine technology, driving conditions, and regulatory standards, Environ. Pollut., 286, 117195, 810 
https://doi.org/10.1016/j.envpol.2021.117195, 2021. 811 
Park, I.-S., Park, M.-S., Jang, Y. W., Kim, H.-K., Song, C.-K., Owen, J. S., Kim, S.-H., Cho, C.-R., and Kim, C.-812 
H.: Impact Comparison of Synoptic Meteorology and Nationwide/local Emissions on the Seoul Metropolitan Area 813 
during High PM Multi-event and Non-event Days, 10.5572/ajae.2020.14.3.263, 2020a. 814 
Park, S.-M., Song, I.-H., Park, J. S., Oh, J., Moon, K. J., Shin, H. J., Ahn, J. Y., Lee, M.-D., Kim, J., and Lee, G.: 815 
Variation of PM2.5 Chemical Compositions and their Contributions to Light Extinction in Seoul, Aerosol Air Qual. 816 
Res., 18, 2220-2229, 10.4209/aaqr.2017.10.0369, 2018. 817 
Park, S., Thi Hong, H. D., Cho, S. Y., and Bae, M.-S.: Chemical Composition and Light Absorption of PM2.5 818 
Observed at Two Sites near a Busy Road during Summer and Winter, Appl. Sci., 10, 4858, 2020b. 819 
Peterson, D. A., Hyer, E. J., Han, S.-O., Crawford, J. H., Park, R. J., Holz, R., Kuehn, R. E., Eloranta, E., Knote, 820 
C., Jordan, C. E., and Lefer, B. L.: Meteorology influencing springtime air quality, pollution transport, and 821 
visibility in Korea, Elementa, 7, 10.1525/elementa.395, 2019. 822 
Quan, J., Liu, Q., Li, X., Gao, Y., Jia, X., Sheng, J., and Liu, Y.: Effect of heterogeneous aqueous reactions on the 823 
secondary formation of inorganic aerosols during haze events, Atmos. Environ., 122, 306-312, 824 
https://doi.org/10.1016/j.atmosenv.2015.09.068, 2015. 825 
Rolph, G., Stein, A., and Stunder, B.: Real-time Environmental Applications and Display sYstem: READY, 826 
Environ. Model Softw., 95, 210-228, https://doi.org/10.1016/j.envsoft.2017.06.025, 2017. 827 
Ryu, Y.-H., and Min, S.-K.: Long-term evaluation of atmospheric composition reanalyses from CAMS, TCR-2, 828 
and MERRA-2 over South Korea: Insights into applications, implications, and limitations, Atmos. Environ., 246, 829 
118062, https://doi.org/10.1016/j.atmosenv.2020.118062, 2021. 830 
Ryu, Y.-H., Min, S.-K., and Hodzic, A.: Recent Decreasing Trends in Surface PM2.5 over East Asia in the Winter-831 
spring Season: Different Responses to Emissions and Meteorology between Upwind and Downwind Regions, 832 
Aerosol Air Qual. Res., 21, 200654, 10.4209/aaqr.200654, 2021. 833 
Seinfeld, J. H., and Pandis, S. N.: Atmospheric Chemistry and Physics, 3 ed., Wiley-Interscience, New York, 2016. 834 
Seo, J., Park, D. S. R., Kim, J. Y., Youn, D., Lim, Y. B., and Kim, Y.: Effects of meteorology and emissions on 835 
urban air quality: a quantitative statistical approach to long-term records (1999–2016) in Seoul, South Korea, 836 
Atmos. Chem. Phys., 18, 16121-16137, 10.5194/acp-18-16121-2018, 2018. 837 

Page 72 of 112



25 

 

 

Seo, J., Lim, Y. B., Youn, D., Kim, J. Y., and Jin, H. C.: Synergistic enhancement of urban haze by nitrate uptake 838 
into transported hygroscopic particles in the Asian continental outflow, Atmos. Chem. Phys., 20, 7575-7594, 839 
10.5194/acp-20-7575-2020, 2020. 840 
Shao, J., Chen, Q., Wang, Y., Lu, X., He, P., Sun, Y., Shah, V., Martin, R. V., Philip, S., Song, S., Zhao, Y., Xie, Z., 841 
Zhang, L., and Alexander, B.: Heterogeneous sulfate aerosol formation mechanisms during wintertime Chinese 842 
haze events: air quality model assessment using observations of sulfate oxygen isotopes in Beijing, Atmos. Chem. 843 
Phys., 19, 6107-6123, 10.5194/acp-19-6107-2019, 2019. 844 
Sorooshian, A., Varutbangkul, V., Brechtel, F. J., Ervens, B., Feingold, G., Bahreini, R., Murphy, S. M., Holloway, 845 
J. S., Atlas, E. L., Buzorius, G., Jonsson, H., Flagan, R. C., and Seinfeld, J. H.: Oxalic acid in clear and cloudy 846 
atmospheres: Analysis of data from International Consortium for Atmospheric Research on Transport and 847 
Transformation 2004, J. Geophys. Res. Atmos., 111, https://doi.org/10.1029/2005JD006880, 2006. 848 
Sorooshian, A., Lu, M.-L., Brechtel, F. J., Jonsson, H., Feingold, G., Flagan, R. C., and Seinfeld, J. H.: On the 849 
Source of Organic Acid Aerosol Layers above Clouds, Environ. Sci. Technol., 41, 4647-4654, 10.1021/es0630442, 850 
2007. 851 
Sorooshian, A., Murphy, S. M., Hersey, S., Bahreini, R., Jonsson, H., Flagan, R. C., and Seinfeld, J. H.: 852 
Constraining the contribution of organic acids and AMS m/z 44 to the organic aerosol budget: On the importance 853 
of meteorology, aerosol hygroscopicity, and region, Geophys. Res. Lett., 37, 854 
https://doi.org/10.1029/2010GL044951, 2010. 855 
Stahl, C., Cruz, M. T., Bañaga, P. A., Betito, G., Braun, R. A., Aghdam, M. A., Cambaliza, M. O., Lorenzo, G. R., 856 
MacDonald, A. B., Pabroa, P. C., Yee, J. R., Simpas, J. B., and Sorooshian, A.: An annual time series of weekly 857 
size-resolved aerosol properties in the megacity of Metro Manila, Philippines, Sci. Data, 7, 128, 10.1038/s41597-858 
020-0466-y, 2020. 859 
Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., and Ngan, F.: NOAA's hysplit 860 
atmospheric transport and dispersion modeling system, in: Bull. Am. Meteorol. Soc., 12, 2059+, 2015. 861 
Wang, G., Zhang, R., Gomez, M. E., Yang, L., Levy Zamora, M., Hu, M., Lin, Y., Peng, J., Guo, S., Meng, J., Li, 862 
J., Cheng, C., Hu, T., Ren, Y., Wang, Y., Gao, J., Cao, J., An, Z., Zhou, W., Li, G., Wang, J., Tian, P., Marrero-863 
Ortiz, W., Secrest, J., Du, Z., Zheng, J., Shang, D., Zeng, L., Shao, M., Wang, W., Huang, Y., Wang, Y., Zhu, Y., 864 
Li, Y., Hu, J., Pan, B., Cai, L., Cheng, Y., Ji, Y., Zhang, F., Rosenfeld, D., Liss, P. S., Duce, R. A., Kolb, C. E., and 865 
Molina, M. J.: Persistent sulfate formation from London Fog to Chinese haze, Proc. Natl. Acad. Sci. U.S.A., 113, 866 
13630-13635, 10.1073/pnas.1616540113, 2016. 867 
Wang, J., Li, J., Ye, J., Zhao, J., Wu, Y., Hu, J., Liu, D., Nie, D., Shen, F., Huang, X., Huang, D. D., Ji, D., Sun, 868 
X., Xu, W., Guo, J., Song, S., Qin, Y., Liu, P., Turner, J. R., Lee, H. C., Hwang, S., Liao, H., Martin, S. T., Zhang, 869 
Q., Chen, M., Sun, Y., Ge, X., and Jacob, D. J.: Fast sulfate formation from oxidation of SO2 by NO2 and HONO 870 
observed in Beijing haze, Nat. Commun., 11, 2844, 10.1038/s41467-020-16683-x, 2020. 871 
Weinstock, B.: Carbon Monoxide: Residence Time in the Atmosphere, Science, 166, 224-225, 872 
doi:10.1126/science.166.3902.224, 1969. 873 
Won, W.-S., Oh, R., Lee, W., Kim, K.-Y., Ku, S., Su, P.-C., and Yoon, Y.-J.: Impact of Fine Particulate Matter on 874 
Visibility at Incheon International Airport, South Korea, Aerosol Air Qual. Res., 1048-1061, 875 
10.4209/aaqr.2019.03.0106, 2020. 876 
Wonaschuetz, A., Sorooshian, A., Ervens, B., Chuang, P. Y., Feingold, G., Murphy, S. M., de Gouw, J., Warneke, 877 
C., and Jonsson, H. H.: Aerosol and gas re-distribution by shallow cumulus clouds: An investigation using airborne 878 
measurements, J. Geophys. Res. Atmos., 117, https://doi.org/10.1029/2012JD018089, 2012. 879 
Wu, Y., Ge, X., Wang, J., Shen, Y., Ye, Z., Ge, S., Wu, Y., Yu, H., and Chen, M.: Responses of secondary aerosols 880 
to relative humidity and photochemical activities in an industrialized environment during late winter, Atmos. 881 
Environ., 193, 66-78, https://doi.org/10.1016/j.atmosenv.2018.09.008, 2018. 882 
Xu, Q., Wang, S., Jiang, J., Bhattarai, N., Li, X., Chang, X., Qiu, X., Zheng, M., Hua, Y., and Hao, J.: Nitrate 883 
dominates the chemical composition of PM2.5 during haze event in Beijing, China, Science of The Total 884 
Environment, 689, 1293-1303, https://doi.org/10.1016/j.scitotenv.2019.06.294, 2019. 885 
Yang, T., Sun, Y., Zhang, W., Wang, Z., Liu, X., Fu, P., and Wang, X.: Evolutionary processes and sources of high-886 
nitrate haze episodes over Beijing, Spring, J. Environ. Sci., 54, 142-151, https://doi.org/10.1016/j.jes.2016.04.024, 887 
2017. 888 
Yu, J. Z., Huang, X.-F., Xu, J., and Hu, M.: When Aerosol Sulfate Goes Up, So Does Oxalate:  Implication for the 889 
Formation Mechanisms of Oxalate, Environ. Sci. Technol., 39, 128-133, 10.1021/es049559f, 2005. 890 
Zhang, C., Lu, X., Zhai, J., Chen, H., Yang, X., Zhang, Q., Zhao, Q., Fu, Q., Sha, F., and Jin, J.: Insights into the 891 
formation of secondary organic carbon in the summertime in urban Shanghai, J. Environ. Sci., 72, 118-132, 892 
https://doi.org/10.1016/j.jes.2017.12.018, 2018. 893 

Page 73 of 112



26 

 

 

Zhang, J., and Reid, J. S.: MODIS aerosol product analysis for data assimilation: Assessment of over-ocean level 894 
2 aerosol optical thickness retrievals, J. Geophys. Res. Atmos., 111, https://doi.org/10.1029/2005JD006898, 2006. 895 
Zhang, Q., Worsnop, D. R., Canagaratna, M. R., and Jimenez, J. L.: Hydrocarbon-like and oxygenated organic 896 
aerosols in Pittsburgh: insights into sources and processes of organic aerosols, Atmos. Chem. Phys., 5, 3289-3311, 897 
10.5194/acp-5-3289-2005, 2005. 898 
Zhang, R., Wang, G., Guo, S., Zamora, M. L., Ying, Q., Lin, Y., Wang, W., Hu, M., and Wang, Y.: Formation of 899 
Urban Fine Particulate Matter, Chemical Reviews, 115, 3803-3855, 10.1021/acs.chemrev.5b00067, 2015. 900 
Zhang, T., Shen, Z. X., Su, H., Liu, S. X., Zhou, J. M., Zhao, Z. Z., Wang, Q. Y., Prévôt, A. S. H., and Cao, J. J.: 901 
Effects of Aerosol Water Content on the formation of secondary inorganic aerosol during a Winter Heavy PM2.5 902 
Pollution Episode in Xi'an, China, Atmos. Environ., 252, 118304, https://doi.org/10.1016/j.atmosenv.2021.118304, 903 
2021. 904 
Zhang, Y., Tang, L., Croteau, P. L., Favez, O., Sun, Y., Canagaratna, M. R., Wang, Z., Couvidat, F., Albinet, A., 905 
Zhang, H., Sciare, J., Prévôt, A. S. H., Jayne, J. T., and Worsnop, D. R.: Field characterization of the PM2.5 906 
Aerosol Chemical Speciation Monitor: insights into the composition, sources, and processes of fine particles in 907 
eastern China, Atmos. Chem. Phys., 17, 14501-14517, 10.5194/acp-17-14501-2017, 2017. 908 
Zhou, Y., Huang, X. H., Bian, Q., Griffith, S. M., Louie, P. K. K., and Yu, J. Z.: Sources and atmospheric processes 909 
impacting oxalate at a suburban coastal site in Hong Kong: Insights inferred from 1 year hourly measurements, J. 910 
Geophys. Res. Atmos., 120, 9772-9788, https://doi.org/10.1002/2015JD023531, 2015. 911 
Zhou, M., Nie, W., Qiao, L., Huang, D. D., Zhu, S., Lou, S., Wang, H., Wang, Q., Tao, S., Sun, P., Liu, Y., Xu, 912 
Z., An, J., Yan, R., Su, H., Huang, C., Ding, A., and Chen, C.: Elevated formation of particulate nitrate from N2O5 913 
hydrolysis in the Yangtze River Delta region from 2011 to 2019, Geophysical Research Letters, e2021GL097393, 914 
https://doi.org/10.1029/2021GL097393, 2022. 915 

 916 

Page 74 of 112



[Journal of European Geosciences Union – Atmospheric Chemistry and Physics] 1 
Supporting Information for 2 

Evidence of haze-driven secondary production of 3 

supermicrometer aerosol nitrate and sulfate in size distribution 4 

data in South Korea 5 
 6 

Joseph S. Schlosser1, Connor Stahl1, Armin Sorooshian1,2, Yen Thi-Hoang Le3, Ki-Joon Jeon3,4,5, 7 
Peng Xian6, Carolyn E. Jordan7,8, Katherine R. Travis7, James H. Crawford7, Sung Yong Gong9, 8 

Hye-Jung Shin10, In-Ho Song10, Jong-sang Youn5,11 9 
 10 

1Department of Chemical and Environmental Engineering, University of Arizona, Tucson, Arizona, USA 11 
2Department of Hydrology and Atmospheric Sciences, University of Arizona, Tucson, Arizona, USA 12 

3Program in Environmental and Polymer Engineering, Inha University, 100 Inha-ro, Incheon 22212, Republic of 13 
Korea. 14 

4Department of Environmental Engineering, Inha University, 100 Inha-ro, Incheon 22212, Republic of Korea. 15 
5Particle Pollution Research and Management Center, Incheon 21999, Republic of Korea 16 

6Marine Meteorology Division, Naval Research Laboratory, Monterey, CA, USA 17 
7NASA Langley Research Center, Hampton, VA, USA 18 
8National Institute of Aerospace, Hampton, VA, USA 19 

9Climate, Air Quality and Safety Research Group/Division for Atmospheric Environment, Korea Environment 20 
Institute, 370 Sicheong-daero, Sejong 30147, Republic of Korea 21 

10Air Quality Research Division, Climate and Air Quality Research Department, National Institute of Environmental 22 
Research, 42 Hwangyoun-ro, Incheon 22689, Republic of Korea 23 

11Department of Energy and Environmental Engineering, the Catholic University of Korea, 43 Jibong-ro, Bucheon 24 
14662, Republic of Korea 25 

 26 
 27 
 28 

Correspondence to: Jong-sang Youn (jsyoun@catholic.ac.kr) and Armin Sorooshian (armin@arizona.edu) 29 
 30 

Contents of this file 31 
Supplemental section S1, Tables S1, Figures S1 – S10 32 

  33 

Page 75 of 112



Section S1. Inha University Ionic Charge Balance Results 34 

 A charge balance was conducted between the measured anions and cations based on individual stages of 35 
each DLPI+ filter set collected at Inha University (Fig. S2; anions/cation on y/x axes, respectively). A slope and y-36 
intercept of one and zero, respectively, would signify perfect balance between anions and cations. The cumulative 37 
(polluted, transition, and clean periods) and polluted period data yielded similar slopes of 0.76 and 0.77, 38 
respectively, and similar y-intercepts of -0.04 and -0.02, respectively. The transition and clean period sets exhibited 39 
decreasing slopes (0.59 and 0.37, respectively), with the clean period’s best fit line exhibiting the lowest correlation 40 
coefficient (r = 0.72). Therefore, there were undetected anions for the entire study period, which became more 41 
significant as PM levels decreased. Sources of undetected anions include potentially a wide variety of organic 42 
species that are difficult to speciate with IC. That the charge balance was better in more polluted conditions suggests 43 
that secondary inorganic anions such as NO3

- and SO4
2- (i.e., easier to detect via IC), were relatively more abundant 44 

as compared to other species such as organics. 45 

  46 
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Table S1. Limits of detection (LOD) for species analyzed from DLPI+ size-resolved filters collected at Inha 47 
University during the study period and the percentage of samples for each species that had concentrations 48 
below the LOD and thus replaced with LOD/2. Bromide was excluded from calculations as it was always 49 
below its LOD.  50 

Parameter LOD (ppb) % of samples 
below LOD 

Adipate 22.66 85 
Br- 25.09 100 

Ca2+ 45.23 5 
Cl- 2.144 7 
K+ 26.24 14 

Maleate 6.970 95 
Mg2+ 36.93 49 
MSA 12.32 98 
Na+ 43.48 9 

NH4
+ 42.43 10 

NO3
- 8.917 7 

Oxalate 12.31 7 
Phthalate 20.69 95 

SO4
2- 11.98 4 
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 52 

Figure S1. Satellite view of the study region comparing (a) a polluted day on 4 March 2019 and (b) a 53 
relatively cleaner day on 8 March 2019. Markers are shown for Seoul and Incheon. These are representative 54 
days during the sampling period for polluted and clean conditions without significant cloud interference. 55 
MODIS Terra image retrieved from https://worldview.earthdata.nasa.gov/.  56 
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 57 

Figure S2. Charge balance analysis for each DLPI+ filter stage among the seven sets collected during the study 58 
period at Inha University (Incheon). Information for the four best fit lines is as follows (Slope, y-intercept, 59 
correlation coefficient (r), number of points): All (magenta) = 0.76, -0.04, 0.97, 98; Polluted (red) = 0.77, -0.02, 60 
0.99, 42; Transition (green) = 0.59, -0.01, 0.99, 14; Clean (blue) = 0.37, -0.01, 0.72, 42. The dashed-black line 61 
represents the 1-to-1 line. An inset panel shows a zoomed version of the lowest concentration points.  62 
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 63 

Figure S3. Charge balance between ammonium and its association inorganic anions (sulfate and nitrate) for 64 
the three polluted sets collected at Inha University (Incheon). Markers are color-coded by the cutpoint diameter 65 
of specific DLPI+ filter samples. The best-fit line is the solid curve (slope = 1.34, y-int = -0.02, r = 0.99, n = 20), 66 
and the dashed line is the 1:1 line. 67 

68 
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 69 

 70 

Figure S4. Time series of various parameters (altitude, air temperature, relative humidity, rain fall, downward 71 
solar radiation flux, mixing layer depth) along the back-trajectories in the (a) polluted (4 March 10:00 KST – 72 
6 March 19:00 KST) and (b) clean (7 March 09:15 KST – 11 March 10:00 KST) periods. Solid lines represent 73 
the median, shaded regions represent the 25th and 75th percentiles, and for rain, data shown represented by the 74 
black solid lines correspond to individual trajectories.  75 
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 76 

Figure S5. Time series of total sulfate (SO42-), nitrate (NO3-), ammonium (NH4+), and oxalate measured at Inha 77 
University. The dashed black vertical lines separate the (left) polluted, (middle) transition, and (right) clean 78 
periods. Shaded regions are labeled with individual DLPI+ sets overlapping in time. 79 
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 83 

Figure S8. Time series of (a) ambient temperature (T), (b) ambient pressure (P), (c-d) wind speed and 84 
direction, (e) relative humidity (RH), and (f) planetary boundary layer height (PBLH) for Incheon and Seoul. 85 
The dashed black vertical lines separate the (left) polluted, (middle) transition, and (right) clean periods. The 86 
grid size of the MERRA-2 PBLH product encompasses both Incheon and Seoul, hence there is only one curve 87 
in panel f. Shaded regions are labeled with individual DLPI+ sets overlapping in time.  88 
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 91 

Figure S9. Time series of the following gas species measured at the sites denoted by the colors in the legend: (a) 92 
ozone (O3); (b) nitrogen dioxide (NO2); (c) sulfur dioxide (SO2); and (d) carbon monoxide (CO). The dashed 93 
black vertical lines separate the (left) polluted, (middle) transition, and (right) clean periods. Shaded regions 94 
are labeled with individual DLPI+ sets overlapping in time.  95 
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 97 

Figure S10. Time series of (a) relative humidity (RH), (b) specific humidity (q), and (c) nitrogen and sulfur 98 
oxidation ratios (NOR and SOR, respectively) based on hourly Seoul data. The dashed black vertical lines 99 
separate the (left) polluted, (middle) transition, and (right) clean periods.  100 
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APPENDIX C
POLARIMETER + LIDAR DERIVED AEROSOL PARTICLE NUMBER

CONCENTRATION

The following work may be found at:
Schlosser, J. S., S. Stamnes, S. P. Burton, B. Cairns, E. Crosbie, B. Van Diedenhoven, G.
Diskin, S. Dmitrovic, R. Ferrare, J. W. Hair, C. A. Hostetler, Y. Hu, X. Liu, R. H. Moore, T.
Shingler, M. A. Shook, K. L. Thornhill, E. Winstead, L. Ziemba and A. Sorooshian (2022).
Polarimeter + lidar derived aerosol particle number concentration. Front. Remote Sens. doi:
10.3389/frsen.2022.885332
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ABSTRACT2

In this study we propose a simple method to derive vertically-resolved aerosol particle number3
concentration (Na) using combined polarimetric and lidar remote sensing observations. This4
method relies on accurate polarimeter retrievals of the fine-mode column-averaged aerosol5
particle extinction cross-section and accurate lidar measurements of vertically-resolved aerosol6
particle extinction coefficient such as those provided by multi-wavelength High Spectral Resolution7
Lidar. We compare the resulting lidar+polarimeter vertically-resolved Na product to in-situ Na8
data collected by airborne instruments during the NASA Aerosol Cloud meTeorology Interactions9
oVer the western ATlantic Experiment (ACTIVATE). Based on all 35 joint ACTIVATE flights10
in 2020, we find a total of 32 collocated in-situ and remote sensing profiles that occur on 1111
separate days, and which contain a total of 322 cloud-free vertically-resolved altitude bins of12
150 m resolution. We demonstrate that the lidar+polarimeter Na agrees to within 106% for 90%13
of the 322 vertically-resolved points. We also demonstrate similar agreement to within 121% for14
the polarimeter-derived column-averaged Na. We find that the range-normalized mean absolute15
deviation (NMAD) for the polarimeter-derived column-averaged Na is 21% and the NMAD for the16
lidar+polarimeter-derived vertically-resolved Na is 16%. Taken together, these findings suggest17

1
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that the error in the polarimeter-only column-averaged Na and the lidar+polarimeter vertically-18
resolved Na are of similar magnitude and represent a significant improvement upon current19
remote sensing estimates of Na.20

Keywords: RSP, HSRL-2, Column-averaged Na, Vertically-resolved Na, AOD, ACTIVATE, EVS-3, Aerosol21

1 INTRODUCTION
Aerosol particle number concentration (Na) is an important aerosol microphysical property for many22
applications including air quality and aerosol-cloud interactions. Historically, Na has been difficult to23
retrieve from remote sensing measurements that are sensitive to the aerosol scattering cross-section, which24
scales with Na to the first power and particle diameter (D) to a higher power. Thus, uncertainty in the25
aerosol size distribution translates directly into a much greater uncertainty in the retrieved Na than would26
be the case when trying to retrieve the higher order moments of the aerosol population (e.g., surface area27
and volume) (Knobelspiesse et al., 2011; Georgoulias et al., 2020). While still limited to optically-active28
particles (i.e., D & 150 nm), the combination of next-generation polarimeter and lidar measurements makes29
the retrieval of Na possible. First, multi-angle, multi-channel polarimeter observations, such as those30
from the Research Scanning Polarimeter (RSP), allow for accurate retrieval of column-averaged fine- and31
coarse-mode aerosol properties (Cairns et al., 1999; Stamnes et al., 2018). Second, multi-wavelength High32
Spectral Resolution Lidar (HSRL-2) measurements provide accurate, vertically-resolved measurements of33
aerosol extinction and depolarization (Hair et al., 2008). The HSRL-2 observations also provide accurate34
(within ∼30 m) retrieval of the mixed layer height (MLH, Scarino et al., 2014).35

A previous study demonstrated a median relative bias between HSRL-2 lidar- and in-situ-derived Na of36
33% and 47%; the lidar-derived Na was retrieved by inverting HSRL-2-only aerosol products to produce37
vertically-resolved Na (Sawamura et al., 2017; Müller et al., 2019). In this study, we demonstrate a simple38
yet powerful method that uses combined lidar and polarimeter aerosol products to derive vertically-resolved39
Na in the troposphere that has a median relative bias of 30%. This lidar+polarimeter method has the benefit40
of being able to rapidly take advantage of column-averaged fine-mode aerosol cross-section retrieved by41
polarimeters such as the RSP and collocated lidar measurements of aerosol extinction coefficient at 53242
nm from HSRL lidar such as the HSRL-2 and HSRL-1. However, the two approaches are complementary,43
particularly since HSRL-2-type lidar with an added 355 nm channel are capable of retrieving the vertically-44
resolved aerosol effective radius, which is one of the main parameters that determines the aerosol extinction45
cross-section, and can be used together with the column-averaged fine- and coarse-mode effective radii46
retrieved by polarimeters such as RSP to correct the column-averaged aerosol extinction cross-section for47
vertical changes due to changes in aerosol size. Since the lidar+polarimeter method presented in this study48
requires only profiles of the extinction coefficient at 532 nm, it can be readily applied to lidar+polarimeter49
datasets that have High-Spectral Resolution capability at 532 nm such as the NASA airborne HSRL-150
and HSRL-2 lidar, and the HSRL-1-type lidar system that will be on-board the future NASA Atmosphere51
Observing System (AOS) mission that is expected to launch by 2030.52

Both aerosol index (AI) and aerosol optical depth (AOD) are commonly used as proxies for vertically53
variable cloud condensation nuclei (CCN) concentrations to quantify aerosol-cloud interactions, but there54
are limitations to using such proxies. Aerosol index convolves the Na, size, single-scattering albedo, and55
complex refractive index into one number, and the accurate retrieval of AI can be subject to accuracy56
issues depending on which wavelengths are used (Hammer et al., 2016; Buchard et al., 2015). Furthermore,57
the relationships between AOD (or AI) and cloud drop number concentration (Nd) in pre-industrial and58
present-day conditions are different, whereas the relationship between CCN and Nd is similar in both59
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of these periods (Gryspeerdt et al., 2017; Grosvenor et al., 2018). It is therefore highly desirable to use60
observational data to retrieve an aerosol proxy that is as close to CCN as possible since such relationships61
are expected to be more robust than those using more distant proxies such as AOD and AI (Hasekamp62
et al., 2019; Shinozuka et al., 2015). A significantly more direct proxy for CCN is the vertically-resolved63
accumulation mode Na.64

There have only been a limited number of aerosol-cloud interaction studies that are historically focused on65
the western North Atlantic Na (Sorooshian et al., 2020), but its gradients of low to high aerosol number66
concentrations provide an excellent environment to demonstrate the capability to remotely sense Na67
(Quinn et al., 2019; Dadashazar et al., 2021b,a). For the majority of the year, the western North Atlantic’s68
persistent cloud cover, only temporarily interspersed with clear-sky conditions of broken cloud fields,69
makes passive remote sensing measurements of aerosol properties in this region very challenging (Feingold,70
2003; Painemal et al., 2021; Braun et al., 2021). Methods to process polarimeter and lidar data that perform71
well across the extreme situations encountered in the western North Atlantic may be expected to work well72
globally. For this study, we use measurements from the first two deployments of ACTIVATE in 2020.73

The first and second ACTIVATE deployments were carried out from 14 February to 12 March 2020 and74
from 13 August to 30 September 20, respectively. ACTIVATE features a unique dataset collected during75
35 joint science flights with two aircraft flying in synchronous flight patterns (Sorooshian et al., 2019).76
One of the two ACTIVATE aircraft, a Beechcraft King Air, was collecting remote sensing data (i.e., lidar77
and polarimetry) while flying at high altitudes between 8 and 9 km. Simultaneously, the second aircraft, a78
HU-25 Falcon, was collecting in-situ data while operating between the ocean surface and the top of the79
PBL. Throughout ACTIVATE, these two aircraft operated with close spatio-temporal proximity (within 680
minutes and 15 km) to each other whenever possible.81

The experimental design and study region of ACTIVATE offer an ideal opportunity to evaluate the82
reliability of the novel vertically-resolved Na developed in this work. First, in Section 2, we present the83
instrumentation and corresponding measurements used from the each of the two aircraft to both produce and84
validate vertically-resolvedNa. In Section 2 we also present the formulation for deriving vertically-resolved85
Na from 1) column-averaged fine- and coarse-mode aerosol particle extinction cross-section (σext) from the86
polarimeter and 2) the total aerosol particle extinction coefficient (αext) from the lidar. Next, we describe87
the processing of the in-situ data that we use to validate the novel Na product presented in this work.88
After describing the data processing and collocation methods, we show results of the in-situ validation89
of this novel vertically-resolved Na performed using case studies that have acceptable collocation and90
environmental conditions in Section 3. Our conclusions for this method are summarized in Section 4.91

2 METHODOLOGY
A glossary of all acronyms and symbols used in this study is provided in Table 1.92

93
2.1 Study region description94

Figure 1 demonstrates the spatial coverage that was observed during the first two deployments of95
ACTIVATE. The ACTIVATE study region is characterized as predominately a marine environment impacted96
by anthropogenic continental outflow (Painemal et al., 2021; Corral et al., 2021). In most marine conditions97
the coarse-mode aerosol concentrations are composed primarily of sea salt, which accounts for a small98
percentage of the Na in the troposphere (Murphy et al., 2019). This is especially true when the marine99
background is influenced by anthropogenic continental outflow where total Na can be on the order of 1000100
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cm−3.101
102

2.2 Measurement summary103

A list of instruments and corresponding measurements utilized from each of the ACTIVATE aircraft is104
provided in Table 2. The RSP aerosol product is based on an optimal estimate using the Research Scanning105
Polarimeter Microphysical Aerosol Properties from Polarimetery (RSP-MAPP) algorithm (Stamnes et al.,106
2018). Fine- and coarse-mode aerosol optical and microphysical properties are directly retrieved using seven107
channels that measure the total and polarized radiance across the visible-shortwave spectrum (wavelength108
= 410 – 2260 nm) with over 100 viewing angles between about ±55◦. The RSP has a field of view of 14109
mrad which results in a ∼126 m footprint for an aircraft at 9 km altitude. This RSP retrieval uses a coupled110
atmosphere-ocean radiative transfer model to improve the accuracy of the retrieved aerosol properties.111

The RSP-MAPP retrieval algorithm (v1.48) inverts RSP data under the assumption that the aerosols are112
bimodal, split into a fine-mode and coarse-mode aerosol, with each mode defined by a lognormal size113
distribution. This version of RSP-MAPP assumes the aerosol size distribution has one fine-mode and one114
coarse-mode comprised of non-absorbing sea salt particles. Such a bimodal aerosol model works well115
over the ocean because the RSP visible to shortwave-infrared channels are not sensitive to particles D .116
100 nm. The fine-mode aerosol properties including aerosol absorption are fully retrieved: namely the117
fine-mode AOD, the size distribution parameters of effective radius and effective variance, and the complex118
refractive index. The coarse-mode AOD, effective radius and effective variance are also retrieved under the119
assumption that the coarse-mode consists of non-absorbing sea salt particles with a real refractive index120
close to water. The coarse-mode sea salt aerosol is assumed to be located from the ocean surface to 1 km,121
while the fine-mode aerosol is assumed to be mixed homogeneously from the ocean surface to the aerosol122
top height, which is also retrieved. From the aerosol optical and microphysical properties, RSP-MAPP123
implicitly retrieves the column-averaged fine- and coarse-mode σext (σext,f and σext,c, respectively). The124
RSP-MAPP algorithm also provides an estimate of fine- and coarse-mode column-averaged Na (Na,f and125
Na,c, respectively). In cloud-free conditions, RSP and HSRL-2 column AODs have been shown to agree to126
within 0.02 at 532 nm (Stamnes et al., 2018). The column-averaged aerosol particle number concentration127
derived from the RSP data (NRSP) is defined as the following:128

NRSP = N̄a =
AOD

σ̄ext × ATH
, (1)

where we explicitly use a bar to represent the column-averaged polarimeter-retrieved aerosol cross-section129
and number concentration. The AOD and σext are referenced at 532 nm. Both AOD and NRSP are, in part,130
governed by a retrieval of the aerosol top height (ATH, Wu et al., 2016). RSP-MAPP retrieves the ATH131
under the assumption that the fine-mode size and composition are uniform throughout the column, and as a132
result the fine-mode σext is implicitly retrieved as a uniform value.133

The HSRL-2 products include ambient vertically-resolved lidar backscattering and extinction coefficients134
and ambient linear depolarization ratio (LDR) at wavelengths of 355, 532, and 1064 nm, (Hair et al., 2008;135
Burton et al., 2018; Fernald et al., 1984). The HSRL-2 field of view is 1 mrad, which corresponds to a136
∼9 m footprint for an aircraft at 9 km altitude. Similar to the RSP, the HSRL-2 is not very sensitive to137
particles that fall in or below the Aitken size range (Burton et al., 2016). The HSRL-2 can also provide138
AOD by using the difference in the molecular channel signals at the top and bottom of the layer. Finally,139
the HSRL-2 retrieves the MLH (Scarino et al., 2014). To limit the scope of this analysis to spherical140
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particles, LDR is used to filter out non-spherical from the dataset (Burton et al., 2013). A LDR threshold of141
>13% was used to filter out non-spherical particles from the analysis. This LDR threshold was chosen142
because the ACTIVATE study region is characterized as predominately a marine environment impacted by143
anthropogenic continental outflow (Painemal et al., 2021; Corral et al., 2021).144

The measured in-situ Na values are used for the validation of the Na product presented in this work.145
These data are taken from the Laser Aerosol Spectrometer (LAS, Model 3340, TSI, Inc.), which measures146
concentrations of particles with dry D ranging in sizes from 94 to 7500 nm at a 1 Hz temporal resolution.147
The Na measurements provided by the LAS are provided at standard temperature and pressures (273.15148
K and 1013 mb). While the LAS has a measurement range up to 7500 nm, the maximum cutoff D of the149
sample inlet prevents the measurement of particles with ambient D greater than 5000 nm (McNaughton150
et al., 2007; Chen et al., 2011). To take into account potential hygroscopic effects, we only include particles151
with dry optical D up to 3488 nm in this analysis. With the total Na measured by the LAS referred to152
from this point forward as NLAS. The lower dry D cutoff of 94 nm is similar to the lower cutoff of the153
remotely-sensed Na values but the NLAS unavoidably misses some of the coarse-mode Na due to the154
aforementioned inlet limitations.155

The LAS has a low counting efficiency at the lowest three size bins, 94 – 106 nm, 106 – 119 nm, and 119 –156
133 nm, which we compensate for by multiplying the number concentration measured in those size ranges157
by correction factors of 1.90, 1.45 and 1.20, respectively. Losses for the LAS are calculated at nominal158
cabin temperature (20◦C) and pressure for low-altitude flight segments (900 mb). These correction factors159
are calculated using the product of losses by impaction, gravitational settling, and diffusion (Baron and160
Willeke, 2011). All tubing is conductive silicone and flows are laminar from the inlet manifold to both161
the LAS optical block. In addition to NLAS, the aerosol particle size distribution effective radius (re) of162
the fine-mode is derived from the corrected LAS and is defined as effective radius of the particles that163
have dry optical diameters between 94 and 1130 nm (re,94−1130). The re,94−1130 is used primarily to assess164
the homogeneity of the fine-mode aerosol particles that is assumed to be true for the RSP-MAPP-derived165
fine-mode σext.166

Ambient liquid water content (LWC) and Nd are used to classify in-situ data as cloud-free, ambiguous, or167
cloud. Ambient LWC and Nd are both derived from ambient particle size distribution measured by a Cloud168
Droplet Probe (CDP, Droplet Measurement Technologies, Sinclair et al., 2019). The CDP can measure169
particles in the ambient D size range of 2000 – 50000 nm and the Nd-CDP derived by the CDP is noted170
by NCDP. An important limitation with deriving LWC from the CDP is an integration of the particle size171
distribution assuming unit density and constrained to the real refractive index of water. If the particles are172
anything other than spherical, with unit density, and with real refractive index of 1.33, this LWC number173
has no meaning. Previous studies of aerosol-cloud interactions in marine environments have used a LWC174
threshold of <0.02 g m−3 to classify data as cloud-free (Dadashazar et al., 2017; MacDonald et al., 2018;175
Wang et al., 2014). While this LWC threshold generally works well, the LWC of stratiform clouds has176
been shown to be as low as 0.0012 g m−3 (Yin et al., 2014). To ensure the avoidance of cloud edges,177
measurements where LWC was between 0.001 and 0.02 g m−3 and where Nd was between 5 and 50 cm−3178
are classified as ambiguous. Only measurements where LWC and Nd were less than 0.001 g m−3 and 5179
cm−3, respectively, are classified as cloud-free.180

To further illustrate the three cloud classifications (cloud-free, ambiguous, cloud) used in this study, Figure 2181
provides a heat map (with marginal histograms) of all available 1 Hz LWC and NCDP measurements taken182
during ACTIVATE 2020. In addition to the LWC and Nd thresholds, a sampling inlet flag is used to verify183
the Falcon aircraft’s sampling inlet was sampling air via the isokinetic inlet or via the Counterflow Virtual184
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Impactor (BMI Inc.; Shingler et al., 2012). The former is used to sample aerosol particles while the latter is185
used to sample cloud droplets. Finally, ambient relative humidity (RH) is derived from measurements of186
water vapor mixing ratio, which is measured by the Diode Laser Hygrometer (DLH, Diskin et al., 2002),187
and of temperature, which is measured by the Turbulent Air Motion Measurement System (TAMMS,188
Thornhill et al., 2003). Ambient RH is used for an indication of the impacts of water vapor on re,94−1130.189

190
2.3 Deriving vertically-resolved aerosol number concentration191

In this section we describe the mathematical formulation used to derive Na from standard HSRL-2 and192
RSP products. The formulation to derive Na described in this study has its foundation in spherical particle193
Mie theory (Bohren and Huffman, 1983). Using Mie theory and the environmental setup established in194
Section 2.1, we describe how column-averaged σext,f (from RSP-MAPP) and vertically-resolved αext195
(from HSRL-2) can be used to calculate vertically-resolved Na. We limit this analysis to the 532 nm196
wavelength for simplicity. While the RSP-derived σext is a column average and is separated into fine- and197
coarse-modes, we assume the fine- and coarse-mode aerosol are externally mixed as two distinct aerosol198
types. This assumption allows us to calculate a mixed σext using number concentration weighted averaging199
as follows:200

σext ≡ σext(z) =
Na,f (z)× σext,f (z) +Na,c(z)× σext,c(z)

Na,f (z) +Na,c(z)
, (2)

where we show explicitly the vertically-resolved dependence on altitude z. Aerosol particle extinction201
cross-section is related to Na at every altitude layer by αext using the following:202

Na ≡ Na(z) = Na,f (z) +Na,c(z) =
αext(z)

σext(z)
≡ αext
σext

. (3)

However, we choose cases based on the HSRL-2 and in-situ measurements where the coarse-mode αext203
has a minimal impact, and accordingly simplify the equation to remove the coarse-mode terms. By setting204
the Na,c and σext,c terms to zero we obtain the following relationship for the aerosol number concentration205
from Eqs. 2 and 3, resulting in the method proposed in this paper:206

Na ≡ Na(z) = Na,f (z) u
αext(z)

σ̄ext,f
≡ αext
σext,f

, (4)

where equation 4 is applied to every altitude bin of the vertically-resolved αext measured by the lidar207
(HSRL-2) while σext,f is set equal to the column-averaged value retrieved by the polarimeter (RSP).208
The σext,f is dependent on only the fine-mode aerosol size and composition. That the fine-mode aerosol209
cross-section is kept constant is an assumption that the fine-mode aerosol properties do not significantly210
differ from the column-averaged value in such a way that it significantly biases the retrieval of Na. Another211
limitation related to this assumption is that both extinction cross-section and extinction coefficient are212
expected to increase with increasing RH. Using an average cross-section could cause NHSRL+RSP to biased213
high/low with an increase/decrease of ambient size.214

215
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2.4 Data handling and analysis216

This section describes how data from the remote sensing and in-situ data are processed to apply the217
Na derivation outlined in Section 2.3. First, we limit the application of the method to observations of218
spherical aerosol particles using the LDR threshold of ≤ 13% to filter out non-spherical data points from219
the smoothed αext data. Next, the αext and LDR data are smoothed into temporal-altitude grids of 0.0167220
Hz and 150 m. The HSRL-2-derived AOD are also smoothed to a temporal resolution of 0.0167 Hz. Once221
the HSRL-2-derived αext and AOD data are smoothed, they are then collocated with the RSP by comparing222
the timestamps and selecting the nearest HSRL-2 data point (in time) to each of the RSP data points. A223
total of 7727 RSP data points are collocated with HSRL-2-derived AOD and vertically-resolved profiles of224
αext. Once the remote sensing data are placed in the native RSP temporal resolution, any scenes where the225
HSRL-2- and RSP-derived AOD deviate from each other are discarded. Points are discarded when deviation226
between the two AOD measurements exceeds whichever is greater 0.05 or 50% of the HSRL-2-derived227
AOD. As an additional constraint the fine-mode AOD derived from the RSP must be within 0.10 of the228
HSRL-2 AOD. The HSRL-2- and RSP-derived AOD can deviate from each other when there are cirrus229
clouds above the King Air, when there is at least one aerosol layer above the King Air, or when there are230
one or more detached troposphere aerosol layers. As a result of this filtering step, there are 774 collocated231
data points removed from the total set of 7727. This empirical method of cloud and multiple aerosol layer232
influence does not guarantee the removal of all such contamination. In the future, the Na derivation can233
be upgraded to be applied to conditions where aerosols are present in one or more detached troposphere234
layer(s) and in the presence of significant amounts of non-spherical aerosol particles.235

After the remote sensing data are aligned and filtered, the aerosol particle number concentration of particles236
with dry optical diameters between 94 and 3488 nm (NLAS) data are filtered for clouds and adjusted to237
ambient temperature and pressure for direct comparison with the remote sensing observations. From the238
cloud filtered ambient NLAS data, all available in-situ vertical profiles (e.g., spirals, in-line descents, and239
in-line ascents) are organized for collocation with the remote sensing data. For this collocation stage the240
remote sensing profiles are collocated with the in-situ profiles. The nearest remote sensing profile within 6241
minutes and 15 km to the start or end of the in-situ profile is selected for comparison. After collocation,242
NLAS from each in-situ profile is averaged to the same altitude grid as the HSRL-2 data (i.e., altitude bins243
that are 150 m in depth and extend from 0 to 9 km).244

With collocation performed, the HSRL-2 + RSP-derived Na (i.e., NHSRL+RSP) can be equivalently245
compared to the NLAS at each altitude grid point of each collocated vertical profile. In order to validate the246
column-averaged Na that is derived from the RSP (i.e., NRSP), the column-averaged NLAS is calculated247
by taking an arithmetic mean of the entire NLAS profle. With this final step, both the NHSRL+RSP and248
the NRSP can be equivalently quantitatively validated using vertically-resolved NLAS or column-averaged249
NLAS, respecively. This study makes use of correlation coefficient (r), range-normalized root-mean square250
deviation (NRMSD), range-normalized mean absolute deviation (NMAD), and relative bias, which have251
been previously used for quantitative validation of aerosol microphysical properties (Sawamura et al., 2017;252
Stamnes et al., 2018). Each of these statistical metrics have the following formulations:253

r =

∑np
j=1[(X(j)− X̄)× (Y(j)− Ȳ)]

∑np
j=1[X(j)− X̄]2 ×∑np

j=1[Y(j)− Ȳ]2
, (5)

NRMSD =
100%

max(X)−min(X)
×

√∑np
j=1[Y(j)− X(j)]2

np
, (6)
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NMAD =
100%

max(X)−min(X)
×

∑np
j=1 |Y(j)− X(j)|

np
, (7)

relative bias =
Y(j)− X(j)

Y(j) + X(j)
× 2× 100%, (8)

where X and Y are the set of in-situ-derived Na and remote sensing-derived Na, respectively, np is the254
total number of points for each set, and X̄ and Ȳ are the mean of sets X and Y, respectively. This study also255
makes use of the p-value corresponding to each r.256

3 RESULTS
Out of the 35 two-aircraft flights in the first two deployments of ACTIVATE, there are a total of 42 full257
vertical profiles successfully collocated using the process described in Section 2.4. In order to be considered258
as an in-situ vertical profile, each of these collocated profiles was required to have measurements across at259
least four altitude grid points. These 42 profiles are placed into three categories based on whether there260
are ambiguous- or cloud-flagged in-situ data in the profile (see Section 2.2). The three classifications are261
described as follows: (1, cloud-free profile) vertical profiles where there are no in-situ data flagged as262
ambiguous or cloud; (2, ambiguous profile) vertical profiles that have one or more in-situ data point that263
is flagged as ambiguous but no points flagged as cloud; (3, cloud profile) vertical profiles where at least264
one data point was classified as cloud. There are 32 profiles classified as cloud-free, 2 profiles classified as265
ambiguous, and 8 profiles classified as cloud.266

Of the profiles classified as cloud-free, two profiles that featured extended spiral vertical profiles, which are267
fairly unusual for ACTIVATE, and targeted relatively high aerosol loading. These two “optimal” aerosol268
profiles extended to at least five kilometers in altitude, hence they offer an unprecedented opportunity to269
validate the novel NHSRL+RSP. In Section 3.1 we analyze these two optimal profiles with more detail and270
show that the novel NHSRL+RSP has reasonable closure with NLAS. Following this case study analysis, we271
analyze the entire in-situ validation set in Section 3.2. These result demonstrated in this analysis warrant272
further study in future ACTIVATE deployments and other missions with combined lidar-polarimeter aerosol273
measurements.274

275

3.1 Case study of optimal aerosol profiles276

In this section, we examine the two optimal aerosol profiles from the first deployment of ACTIVATE277
2020 (Figs. 3 and 4). For these two profiles, each corresponding research flight took place in a generally278
cloud-free conditions (both low level and cirrus), that allow for the use of the novel NHSRL+RSP product279
to create altitude vs. longitude color maps of Na to provide some spatial context to each profile (Figs. 3a280
and 4a). The NHSRL+RSP is gridded into 0.01◦ longitude bins (maintaining the 150 m altitude bins), but281
the in-situ sampling flight track is displayed in the native 1 Hz resolution for qualitative, observational282
comparison of NLAS and the NHSRL+RSP. From this qualitative comparison, it is evident that the NLAS283
and NHSRL+RSP reasonably agree for these two flights that include the optimal profiles. In addition to the284
qualitative comparison between NLAS and NHSRL+RSP, these vertically-resolved profiles illustrate the285
significant differences in the two profiles.286

The first optimal profile’s research flight occurred from 13:52:27 to 17:08:12 on 26 August 2020 (Fig. 3).287
This first optimal flight appears to have had two aerosol layers, one below 1 km and one between 1 and 2288
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km (e.g., smoke aerosol), as well as NLAS and NHSRL+RSP ranges that reached as high as 2508 and 9103289
cm−3, respectively. The second optimal flight occurred from 16:45:10 to 20:01:40 on 28 August 2020290
(Fig. 4), and had lower maximum NLAS and NHSRL+RSP (1031 and 4209 cm−3, respectively), relative to291
the first optimal flight. The second optimal profile’s research flight had possibly more than one aerosol292
layer between 1 to 4 km, in addition to a homogeneous aerosol layer up to 1 km. Both of these profiles were293
observed to have detached aerosol layers above the PBL (e.g., smoke aerosol). Smoke aerosol was found to294
be present in this region on 26 August (Mardi et al., 2021) and on 28 August (Sorooshian et al., 2021).295

Another contrast between the two optimal flight study regions was the MLH, which had the ranges of 0.00296
– 0.88 km and 0.00 – 0.67 km for the first and second optimal flights, respectively. Both flights had similar297
RSP-ATH ranges that were 1.14 – 4.83 km and 1.83 – 4.85 km for the first and second optimal flights,298
respectively. In order to better analyze the closure between NLAS and NHSRL+RSP, we examine the closure299
statistics that result from the optimal profiles (Figs. 3b and 4b) where the aircraft horizontal-temporal300
separation is constrained (see Section 2.4).301

The horizontal spatial and temporal aircraft separation of the first and second optimal profiles are 1.94302
km–3.79 minutes and 11.99 km–5.97 minutes, respectively. The MLH of the first and second optimal303
profiles are at 0.59 and 0.35 km, respectively. The ATH of the first and second optimal profiles are at 4.15304
and 4.00 km, respectively. The median relative bias, NMAD, and NRMSD observed in the first case study305
were generally worse (median relative bias = 64%, NMAD = 29%, and NRMSD = 33%), relative to the306
second case study (median relative bias = 42%, NMAD = 21%, and NRMSD = 28%). The r between307
NHSRL+RSP and NLAS for the first and second optimal flights are 0.92 and 0.81, respectively, and both308
profiles are among those that have the most statistically significant correlations in the set of collocated309
profiles (i.e., r > 0.80 and p-value ≤ 10−9). In addition to these statistics Fig. 5 also provides a visual310
illustration of the vertically-resolved NLAS-NHSRL+RSP and column-averaged NLAS-NHSRL+RSP closure.311

To provide insight into the reasons for differences in the NLAS-NHSRL+RSP closure, we examine the312
differences in the vertical profiles of RH, re,94−1130, αext, and LDR that correspond to the optimal profile313
that occurred on 26 August 2020 (Figs. 3c-f) and the optimal profile that occurred on 28 August 2020314
(Figs. 4c-f). The RH sampled in the first optimal profile overall decreases with increasing altitude up the the315
ATH at ∼ 4 km, while the RH sampled in the second optimal profile remains relatively constant until the316
ATH, also at ∼ 4 km. In both optimal profiles, the RH decreases sharply right above the MLH. Then, in the317
first optimal profile, both the αext and RH increase with altitude above the MLH to 1.5 km. In the second318
optimal profile, αext and RH and αext and RH are relatively constant except for a sharp increase about 1.5319
km. We found that the RH is negatively correlated with re,94−1130 between 1 and 2 km in the first optimal320
profile. This behavior is in contrast to the second optimal profile, where the re,94−1130 increases around the321
spike in RH at 2 km altitude. The increase in αext might otherwise seem to indicate multiple aerosol layers322
sampled in both optimal profiles, but the profiles of RH and re,94−1130 suggest that the changes are a result323
of increases in RH rather than a separate unmixed layer, except in the second optimal profile around 1.5 km.324
At this location it is observed that LDR is elevated in the second optimal profile, and indicates the presence325
of non-spherical coarse-mode dust particles in the second optimal profile associated with the sharp increase326
in αext at 1.5 km. The dust is likely coarse-mode since there is little change in re,94−1130. Despite the327
presence of coarse-mode dust, the retrieval of the vertically-resolved NHSRL+RSP, which is driven σext328
in addition to αext, does not seem to be generally impacted except at 1.5 km where the coarse-mode dust329
loading peaks.330

In addition to examining the profiles to identify multiple aerosol layers, the αext profile, in combination331
with re,94−1130 and RH profiles, allow us to examine the assumption of using a single fine-mode σext332
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to derive vertically-resolved NHSRL+RSP. The narrow re,94−1130 range observed in the second profile333
suggests that there is no significant change in the fine-mode aerosol composition and size distribution.334
Because re,94−1130 can be dependent on NLAS, and RH can indicate the mixing state of the atmosphere, the335
positive correlation between both NLAS and RH with re,94−1130 near the surface (≤ 200 km altitude) seen336
in each profile may indicate that changes in re,94−1130 for near the surface are partly related to atmospheric337
mixing rather than composition change.338

These findings from the analysis of the first optimal profile suggest that method is robust in that the339
correlation for NHSRL+RSP is high despite a ∼60% bias at elevated Na and despite the separate smoke340
aerosol observed in the first profile. The analysis of the LDR profile suggests that non-spherical particles341
are not impacting the retrieval of NHSRL+RSP significantly. In the next section, we combine data from342
these optimal profiles with the remaining cloud-free collocated profiles of NHSRL+RSP and NLAS to further343
support these findings and strengthen the validation of the NHSRL+RSP product.344

345

3.2 Statistical validation346

Following the initial validation with the optimal case studies, we use all collocated vertically-resolved347
NLAS data to perform a more statistically weighted validation of NHSRL+RSP product using Fig. 6a.348
Furthermore, we show that this error is generally similar to the error observed in the validation of NRSP349
with column-averaged NLAS (Fig. 6b). Finally we examine Figs. 6c and 6d and Table 3 to demonstrate350
the improvements gained in validation of both vertically-resolved and column-averaged Na by removing351
profiles where cloud presence is detected in the column.352

As noted above, there are 32 cloud-free profiles, 2 ambiguous profiles, and 8 cloud profiles, which contain353
322, 13, and 47, respectively, vertically-resolved points for the comparison validation of NHSRL+RSP and354
NLAS. The r, median relative bias, NMAD, and NRMSD that result from the comparison of the points355
contained in the cloud-free profiles are 0.76, 33%, 16%, and 24%, respectively. Additionally, this cloud-free356
dataset resulted in a P90 of 106% in absolute relative bias. Data from both the ambiguous profiles and357
the cloud profiles resulted in worse, i.e., increases in NMAD (28% and 26%, respectively) and NRMSD358
(34% and 33%, respectively), relative to the NMAD and NMAD that resulted from the data cloud-free359
profiles. Relative to the cloud-free profile dataset, the r (0.71) and P90 in absolute relative bias (107%) did360
not change much for the ambiguous profile dataset but r decreases to 0.50 and P90 in absolute relative bias361
increases to 145% for the cloud profile dataset.362

Due to the limited number of column-averaged Na points (np = 2) that are classified as ambiguous, the363
validation statistics for this set is not meaningful and will be omitted here. The validation statistics resulting364
from the comparison of the column-averaged Na points classified as cloud-free and cloud are similar to365
that resulting from the vertically-resolved Na closure, with the exception of relative bias. The NMAD366
improves, i.e., decreases, from 42% to 21% and the NRMSD decreases from 47% to 28%. In contrast to367
the vertically-resolved Na, the median relative bias resulting from the column-averaged Na comparison of368
the 8 collocated points is −0.76, which improves to −0.53 for the 32 profiles from the column-averaged369
cloud-free dataset. In addition, the P90 in absolute relative bias of the column-averaged cloud dataset is370
larger (131%), relative to the column-averaged cloud-free dataset (121%). These findings suggest that371
the significantly improved performance of one set over the other, which is likely due to the fact that the372
retrieval of column-averaged Na is more sensitive to deviations from ideal cloud-free conditions than373
the vertically-resolved Na. It is also possible that the retrieval of column-averaged Na is more sensitive374
to separated aerosol layers that are possibly present. However, due to the relatively limited number of375
collocated points and profiles, wider application is needed to definitively conclude the main reason for the376
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difference.377
378

4 CONCLUSIONS
In this paper we provide a simple and direct approach to derive vertically-resolved aerosol number379
concentration from collocated polarimeter-lidar measurements. This method has the benefit of rapidly taking380
advantage of column-averaged polarimeter-derived aerosol cross-section from the RSP and collocated381
lidar measurements of the aerosol extinction coefficient at 532 nm. Since this method only requires382
profiles of the extinction coefficient at 532 nm, it can be readily applied to lidar+polarimeter datasets383
provided that the lidar has a 532 nm High-Spectral Resolution channel such as the NASA airborne384
HSRL-1 and HSRL-2 lidar, and the HSRL-1-type lidar system that will be onboard the future NASA385
AOS mission. We characterize the retrieval error that is observed from vertically-resolved NHSRL+RSP,386
which is derived from column-averaged σext from polarimeter retrievals and vertically-resolved αext from387
HSRL-2 measurements. We demonstrate that the vertically-resolved NHSRL+RSP product has a median388
relative bias, P90 in absolute relative bias, NMAD, and NRMSD that are 0.33, 106%, 16%, and 24%,389
respectively. Our results also suggest that the vertically-resolved NHSRL+RSP product has similar NMAD390
and NRMSD as the column-averaged NRSP. We demonstrate that column-averaged NRSP validation is391
more sensitive than the vertically-resolved NHSRL+RSP to deviations from ideal conditions (e.g., cloud-free392
with a single aerosol layer), however elevated LDR >10% does not appear to have a significant impact on393
either vertically-resolved or column-averaged Na.394

Although a fully combined polarimeter-lidar retrieval is expected to provide the optimal retrieval of aerosol395
optical and microphysical properties including aerosol number concentrations, this method provides a396
simple and direct approach to corroborate the results from such complex retrievals, particularly for simpler397
cases of single or two-layer aerosol systems. The ACTIVATE field campaign features combined polarimeter398
(RSP) and lidar (HSRL-2) remote sensing measurements with collocated in-situ aerosol measurements from399
a second, low-flying aircraft. The ACTIVATE datasets of simultaneous remote and in-situ measurements of400
aerosols in clear-sky conditions will enable us to extensively test the approach outlined here, as well as401
perform detailed closure studies for relating dry-wet aerosol microphysical and optical properties across402
passive, active, and in-situ aerosol measurement techniques. The promise shown by the NHSRL+RSP403
method can be further explored by applying the method to the rest of the ACTIVATE datasets (i.e., 2021404
and 2022 flights) and to future analyses that can incorporate retrievals of the vertical structure of Na in the405
atmosphere to study Na-Nd relationships for aerosol-cloud interactions. Further application will also allow406
for in-depth examination of the validity of the assumption of column-averaged extinction cross-sections,407
and the impact of scattering by coarse-mode aerosols such as sea salt aerosol on the retrieved aerosol408
number concentration. The hope is that the NHSRL+RSP product can be a robust method to provide required409
vertical profiles of Na for many research applications ranging from aerosol-cloud interactions to improving410
estimates of air quality parameters such as PM2.5.411
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Tables562

Table 1. Definition of acronyms, variables, and optional subscripts used to mark mode-specific parameters
in alphabetical order.

Acronym Definition
ACTIVATE Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment
AI aerosol index
AOD aerosol optical depth
AOS Atmosphere Observing System
ATH aerosol top height
CCN cloud condensation nuclei
CDP Cloud Droplet Probe
DLH Diode Laser Hygrometer
HSRL-2 multi-wavelength High Spectral Resolution Lidar
LAS Laser Aerosol Spectrometer
LDR linear depolarization ratio
LWC liquid water content
MLH mixed layer height
NMAD range-normalized mean absolute deviation
NRMSD range-normalized root-mean square deviation
PBL planetary boundary layer
RH relative humidity
RSP Research Scanning Polarimeter
Variable Definition
αext aerosol particle extinction coefficient
D particle diameter
np number of points used for comparison
Na aerosol particle number concentration
NRSP column-averaged aerosol particle number concentration derived from the RSP data
NHSRL+RSP vertically-resolved aerosol particle number concentration derived from HSRL and RSP

data
NLAS aerosol particle number concentration of particles with dry optical diameters between

94 and 3488 nm
NCDP number concentration of particles with ambient optical diameters between 2000 and

50000 nm
Nd cloud drop number concentration
p-value probability that the two parameters are not correlated (i.e., probability that the null-

hypothesis is true)
P75 75th percentile
P90 90th percentile
r correlation coefficient
re aerosol particle size distribution effective radius
re,94−1130 effective radius of the particles that have dry optical diameters between 94 and 1130 nm
σext aerosol particle extinction cross-section
Subscript Definition
f parameter is specific to the fine mode of aerosol particle size distribution
c parameter is specific to the coarse mode of aerosol particle size distribution
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Table 2. List of measurement products used in this study, which are grouped by the both the instrument
each measurement was derived from and the ACTIVATE aircraft each instrument was mounted on.

Aircraft Instrument Aerosol Property

King Air HSRL-2 vertically-resolved αext at 532 nm, vertically-resolved LDR at
532 nm, total AOD at 532 nm, and MLH

King Air RSP fine- and coarse-mode AOD at 532 nm, column-averaged σext,f at
532 nm, column-averaged Na,f , and ATH

Falcon LAS NLAS and re,94−1130

Falcon DLH RH

Falcon CDP LWC and Nd (i.e., NCDP)
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Table 3. Comparison statistics resulting from the comparison of vertically-resolvedNLAS withNHSRL+RSP
and resulting from the comparison of column-averaged NLAS with NRSP for the in-situ profiles that were
classified as cloud-free, ambiguous, and cloud. The statistics presented for each category are as follows
(from left to right): r, p-value, P75 and P90 of the absolute relative bias (i.e., |relative bias|), NMAD,
NRMSD, minimum and maximum NLAS (either vertically-resolved or column-averaged), and np.

|relative bias| NLAS

Conditions r p-value (%) NMAD NRMSD (cm−3) np

P75 P90 (%) (%) min max

vertically-
resolved

cloud-free 0.76 6.1 · 10−62 81 106 16 24 26 1495 322

ambiguous 0.71 6.8 · 10−3 69 107 28 34 109 615 13

cloud 0.50 3.9 · 10−4 112 145 26 33 51 983 47

column-
averaged

cloud-free 0.35 5.3 · 10−2 90 121 21 28 59 1327 32

cloud 0.36 3.8 · 10−1 1.20 131 42 47 61 832 8
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Figures563

Figure 1. Flight tracks from the 35 two-aircraft research flights that were carried out during the first two
deployments of ACTIVATE in the winter and summer of 2020. Each flight track color corresponds to a
different ACTIVATE research flight.
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Figure 2. Log-log heat map of liquid water content (LWC) and cloud drop number concentration (Nd)
with corresponding marginal semi-log histograms generated using all available 1 Hz Cloud Droplet Probe
(CDP) data measured during ACTIVATE 2020. The number of points used for comparison (np) on each
panel is 465, 292. Points on the heat map that are classified as cloud-free have LWC and Nd values that are
below horizontal (at 0.001 g m−3) and vertical (at 5 cm−3) dashed-black lines, respectively. Points on the
heat map that are classified as cloud have LWC and Nd values that are above the horizontal (at 0.02 g m−3)
and vertical (at 50 cm−3) solid-black lines, respectively. Points on the heat map that fall outside of the
cloud or the cloud-free classifications are classified as ambiguous.
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Figure 3. Horizontal curtain (a) and vertical profiles (b-f) of remote sensing and in-situ data gathered from
the ‘optimal’ flight that occurred on 26 August 2020. The vertical profiles were taken from the in-situ
profile that occurred between 15:46:25 and 15:58:12 (UTC) on 26 August 2020. Panel (a) shows the flight
track and surface plot colored by NLAS and NHSRL+RSP, respectively; where the magenta vertical lines
mark the start and stop locations of the first optimal vertical in-situ profile. Panel (b) show vertical profiles
of average aerosol particle number concentration (derived from the various methods), (c) RH, (d) re,94−1130,
(e) 532 nm αext, and (f) 532 nm LDR; where the whiskers mark ± one standard deviation. The horizontal
dashed-black and solid-magenta lines mark the MLH and the ATH, respectively.
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Figure 4. Horizontal curtain (a) and vertical profiles (b-f) of remote sensing and in-situ data gathered from
the ‘optimal’ flight that occurred on 28 August 2020. The vertical profiles were taken from the in-situ
profile that occurred between 17:35:18 and 17:54:11 (UTC) on 28 August 2020. Panel (a) shows the flight
track and surface plot colored by NLAS and NHSRL+RSP, respectively; where the magenta vertical lines
mark the start and stop locations of the first optimal vertical in-situ profile. Panel (b) show vertical profiles
of average aerosol particle number concentration (derived from the various methods), (c) RH, (d) re,94−1130,
(e) 532 nm αext, and (f) 532 nm LDR; where the whiskers mark ± one standard deviation. The horizontal
dashed-black and solid-magenta lines mark the MLH and the ATH, respectively.
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Figure 5. Log-log plots of NHSRL+RSP versus NLAS from (a) the optimal in-situ profile that occurred
between 15:46:25 and 15:58:12 (UTC) on 26 August 2020 and (b) the optimal in-situ profile that occurred
between 17:35:18 and 17:54:11 (UTC) on 28 August 2020. The goodness of fit statistics that correspond
to panel (a) are r = 0.92, median relative bias = 64%, NMAD = 29%, NRMSD = 33%, and np = 34. The
goodness of fit statistics for panel (b) are r = 0.81, median relative bias = 42%, NMAD = 21%, NRMSD =
28%, and np = 47.
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Figure 6. Log-log plots of (a) vertically-resolved NHSRL+RSP vs in-situ NLAS and (b) column-averaged
NRSP vs in-situ NLAS. The collocated vertical profile data come from ACTIVATE 2020. The green squares
correspond to data from vertical profiles where all in-situ data are classified as cloud-free, the blue diamonds
correspond to the vertical profiles that have one or more in-situ data point that is classified as ambiguous
but no points classified as cloud, and the red circles correspond to data from vertical profiles where at least
one data point was classified as cloud. The dashed-magenta line indicates the one-to-one line. Panels (c)
and (d) are boxplots illustrating the spread in relative bias of panel (a) and panel (b), respectively. Data
for these box plots correspond to the same categories as panels (a) and (b) (i.e., cloud-free, ambiguous,
and cloud). Additional goodness of fit statistics for panels (a) and (b) are shown in Tbl. 3. Red markers on
panels (c) or (d) are points that were flagged as statistical outliers. An outlier is a value that is more than
1.5 times the interquartile range away from the bottom or top of the box.
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