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Abstract. Remote sensing retrievals of atmospheric particle (i.e., aerosol) properties, such as those from lidars and polarime-

ters, are increasingly used to study aerosol effects on critical cloud and marine boundary layer processes. To ensure the reli-

ability of these retrievals, it is important to validate them using aerosol measurements from in-situ instruments (i.e., external

closure). However, achieving rigorous external closure is challenging because in-situ instruments often 1) provide dry (relative

humidity (RH) < 40%) aerosol measurements, while remote sensors typically retrieve properties in ambient conditions and 2)5

only sample a limited aerosol size-range due to sampling inlet cutoffs. To address these challenges, we introduce the In-Situ

Aerosol Retrieval Algorithm (ISARA), a methodological framework designed to enable closure between in-situ and remote

sensing aerosol data by converting dry in-situ aerosol optical and microphysical properties into their humidified equivalents

in ambient air. We apply ISARA to aerosol measurements collected during the NASA Aerosol Cloud meTeorology Interac-

tions oVer the western ATlantic Experiment (ACTIVATE) field campaign to test its ability to generate aerosol properties that10

are physically consistent across in-situ and remote sensing platforms. To assess this performance, we conduct consistency

analyses comparing ISARA-calculated intensive and extensive aerosol properties with corresponding measurements from 1)

ACTIVATE’s in-situ instruments (internal consistency), 2) Monte Carlo in-situ data simulations (synthetic consistency), and

3) ACTIVATE’s Second Generation High Spectral Resolution Lidar (HSRL-2) and Research Scanning Polarimeter (RSP)

instruments (external consistency). This study demonstrates that: 1) appropriate a priori assumptions for aerosol can lead to15

consistency between many in-situ measurements and remote sensing retrievals in the ACTIVATE campaign, 2) ambient aerosol

properties retrieved from dry in-situ and the RSP polarimetric data are compared showing reasonable agreement for the first
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time in literature, 3) measurements are externally consistent even in the presence of moderately absorbing (imaginary refractive

index (IRI) > 0.015) and coarse nonspherical particles, and 4) ISARA is likely limited by i) under-sampling of low background

concentrations (N < 1 cm−3) for aerosol sizes greater than 5 µm in diameter as well as ii) by an under-determined measurement20

system. These results suggest that additional in-situ measurements under ambient conditions, at a wider range of wavelengths,

of the real refractive index, and of the coarse aerosol size distribution, can reduce the uncertainties of the in-situ ambient aerosol

products. Although this study focuses on fine spherical aerosol mixtures with a coarse mode that is spherical or nonspherical

(spheroidal), its success demonstrates that ISARA could have the potential to support systematic and physically consistent

closure of aerosol data sets in various field campaigns and aerosol regimes.25

1 Introduction

Atmospheric particles (i.e., aerosols) play a central role in Earth’s climate system by scattering and absorbing solar radiation

(direct effect) and by serving as cloud condensation nuclei (CCN) that influence cloud formation and cloud radiative prop-

erties (indirect effect). Given their role in regulating Earth’s radiation balance and cloud development, aerosols are the target

of intensive observational efforts using instruments from ground-based, airborne, and satellite platforms. These observations30

are used to constrain global Earth system models that simulate aerosol radiative impacts and aerosol-cloud interactions. The

instruments are designed to directly measure or indirectly retrieve the optical and microphysical properties of aerosol particles

in the atmosphere. Because aerosol instruments have different designs and error characteristics, it is important to verify that

aerosol measurements from one platform are consistent with those from another (i.e., external closure). External closure anal-

ysis can lead to improved physical consistency between different measurements and also advances aerosol science by enabling35

efforts to 1) validate the accuracy and uncertainty of satellite and airborne remote sensing aerosol products, 2) create improved

a priori aerosol properties to better constrain satellite retrievals, 3) aid atmospheric modeling efforts by establishing new appli-

cations for remote sensing products such as deriving parameterizations of aerosol hygroscopicity, and 4) advance the methods

used to derive ambient aerosol properties from in-situ measurements. This paper aims to address these needs in aerosol science

by assessing the physical consistency between in-situ and remotely-sensed aerosol properties using data collected from two40

state-of-the-art remote sensing instruments: the Second Generation High Spectral Resolution Lidar (HSRL-2) and the Research

Scanning Polarimeter (RSP). The HSRL-2 and RSP provide altitude-resolved and column retrievals, respectively, of aerosol

optical and microphysical properties, among other products. Details on these instruments are provided in Sect. 3.2.

There have been numerous past efforts to assess consistency between aerosol data sets obtained from airborne in-situ and45

NASA’s HSRL-2 and RSP instruments. For example, more recent works have attempted to demonstrate the consistency of air-

borne HSRL-2 extinction and backscatter coefficient measurements and HSRL-2-retrieved aerosol effective radius using collo-

cated in-situ aerosol products (e.g., Müller et al., 2014; Sawamura et al., 2017; Tsekeri et al., 2017; Pistone et al., 2019). These

studies consistently find that the extinction and backscatter coefficients derived from in-situ instruments are systematically

low compared to those derived from HSRL-2. Additionally, evaluations of RSP retrievals of aerosol optical and microphysical50
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properties have been performed using data from the AErosol RObotic NETwork (AERONET) (e.g., Wu et al., 2015; Fu et al.,

2020). There have also been a limited number of case studies successfully making comparisons between RSP retrievals and

airborne in-situ data from the Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS;

Knobelspiesse et al., 2011) and ObseRvations of Aerosols above CLouds and their intEractionS (ORACLES; Pistone et al.,

2019) field campaigns. In particular, Pistone et al. (2019) found poor agreement between in-situ- and RSP- derived total (i.e.,55

bulk) SSA. However, bulk, fine, and coarse aerosol microphysical properties from RSP have not been systematically evaluated

against in-situ aerosol data as of the date of this study.

Despite the important findings from these studies, a framework for systematic and physically consistent closure of remote

sensing aerosol data sets has not been yet achieved. Closure is challenging to perform due to the increasing volume and com-60

plexity of remote sensing data. Also, in-situ aerosol data sets can be affected by errors resulting from factors such as plumbing

losses, calibration issues, and most importantly, the alteration of the aerosol’s relative humidity (RH) while sampling through

aircraft inlets. In order to avoid the complexities of RH variation, in-situ instruments will often dry the optical property and size

distribution measurements of aerosols to the aerosol efflorescence regime, which has an RH range of 0–40%). Note that 40%

RH is the minimum efflorescence point of the majority of atmospheric aerosol species (Li et al., 2014). This drying process is65

often achieved using a Nafion dryer or heating in the sampling line (Sorooshian et al., 2023).

Unlike the controlled environments of many in-situ instruments, remote sensors such as lidars and polarimeters retrieve aerosol

properties without altering their RH (i.e., in ambient conditions). Although aircraft in-situ instruments can measure ambient

RH and apply it to dry aerosol data sets, these RH measurements can have errors as high as 15% (Diskin et al., 2002). Adding70

to this complexity, both parameterizations and measurements of hygroscopicity can also have a high uncertainty (Shingler

et al., 2016; Petters and Kreidenweis, 2007). And, the variability in both RH and aerosol concentration can be substantial in

and around clouds (Reid et al., 2025).

Aerosol hygroscopicity is commonly defined as the increase in aerosol diameter relative to the dry state due to atmospheric75

moisture, and is typically parameterized by the physical hygroscopicity parameter (κ; Petters and Kreidenweis, 2007). This

physical hygroscopicity parameterization is indirectly related to changes in scattering coefficients, based on assumptions on

aerosol shape. Alternatively, hygroscopicity can also be parameterized directly based on the increase in the aerosol scattering

coefficient due to hygroscopic growth, referred to as the optical hygroscopicity parameter (γ; Sawamura et al., 2017). These

parameterizations are discussed in more detail in Section 3.3.80

In addition to the measurement limitations in measuring relative humidity and hygroscopicity, aerosols are lost between the

external inlet of the aircraft and the inlets of the instruments (Baron and Willeke, 2001; Kulkarni et al., 2011). The other major

difficulty of closure is that in-situ instruments placed behind inlets cannot efficiently sample coarse aerosols due to limitations

in the inlet cutoff diameter (i.e., cutoff particle diameter (D) < 5 µm). Wing-mounted open-path probes are commonly used85
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to estimate coarse aerosol properties, but are designed in such a way that coarse aerosol sizing is uncertain (e.g., Reid et al.,

2003, 2006). The measurements of number concentration are less accurate for background concentrations (N < 1 cm−3), which

is common for aerosol with diameters > 5 µm (Baumgardner et al., 2001). These sources of error can alter the measured or

derived microphysical and optical characteristics of aerosol.

90

To strive toward physically consistent systematic closure of in-situ and remote sensing aerosol data sets within aircraft field

campaigns, this study assesses the agreement between these two disparate measurement approaches, a process that is referred

to as consistency or consistency analysis throughout this paper. To facilitate this comparison and eventually support broader

closure efforts across field campaigns, we introduce the In-Situ Aerosol Retrieval Algorithm (ISARA), a retrieval algorithm

that applies hygroscopic growth to dry in-situ aerosol and optical microphysical properties to derive ambient, humidified prop-95

erties suitable for comparison with remote sensing retrievals. Specifically, the algorithm uses a Mie scattering library (e.g.,

Mishchenko et al., 2002; Bohren and Huffman, 2008) in conjunction with measured size distributions and optical coefficients

to retrieve refractive indices and hygroscopicity from a “common” suite of in-situ instruments. This study builds on previous

efforts such as Ziemba et al. (2013) and Sawamura et al. (2017) that developed similar algorithms for retrieving ambient aerosol

properties from in-situ data. However, those studies focused on regions with limited coarse aerosol and, therefore, assumed100

negligible coarse contribution, and focused their analyses on ultrafine and fine aerosols.

Note that in this study, the fine regime is defined as an aerosol with an ambient diameter range of 0.09–1.00 µm and the coarse

regime is defined as an aerosol with ambient diameters ≥1.0 µm. Common coarse species that can have diameters > 1.0 µm

are sea salt, dust, and pollen (Hussein et al., 2005). As discussed above, the larger (D > 5 µm) sizes of these coarse species105

are difficult to measure in background concentrations. However, each species also poses a unique challenge from an optical

perspective. Dry sea salt is nonspherical, non-absorbing, and very hygroscopic, translating to larger values of κ (Sorribas et al.,

2015; Moosmüller and Sorensen, 2018; Ferrare et al., 2023). Similar to sea salt, dust can also be nonspherical. In contrast to sea

salt, dust can be moderately absorbing and has a complex refractive index (CRI) that is dependent on wavelength (Voshchin-

nikov and Farafonov, 1993; Veselovskii et al., 2010; Wagner et al., 2012; Sorribas et al., 2015). This work uses wing-mounted110

open-path probes to estimate the contribution of the coarse aerosol on the calculated ambient optical and microphysical data

(Ryder et al., 2015; Tsekeri et al., 2017; Ryder et al., 2018).

This work extends the methods established by Sawamura et al. (2017) by attempting to account for coarse aerosol in the bulk

aerosol properties after retrieving the fine CRI and κ. Similar to the work of Tsekeri et al. (2017), we account for the con-115

tribution of coarse (ambient diameter > 1.0 µm) aerosols using wing probe measurements and a priori assumptions. While

the current study focuses on the consistency analysis between in-situ- and remote sensing-derived aerosol properties of the

more common spherical fine aerosols, significant effort is made to account for nonspherical coarse aerosols. It is hoped that the

framework described in this study serves as an open source foundation that can be easily expanded and used to fully understand

the information train between all manner of measurements and therefore enable systematic closure of field campaign aerosol120
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data.

The ability of ISARA to perform consistency analyses is tested by applying the algorithm to synthesized data as well as

data collected during the NASA Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment (ACTI-

VATE) field campaign, a mission dedicated to characterizing aerosol-cloud-meteorology interactions by using two spatially-125

synchronized aircraft to provide systematic and simultaneous remote sensing and in-situ airborne measurements from 2020

to 2022 (Sorooshian et al., 2019). The spatial synchronization of these aircraft is ideal for performing a consistency analysis

between in-situ, lidar, and polarimetric measurements since rigorous spatiotemporal collocation between these data sets can

be achieved (Schlosser et al., 2024). The ACTIVATE data set also enables investigation of numerous atmospheric processes

over the western North Atlantic Ocean, including aerosol-cloud interactions that represent the largest uncertainty in estimates130

of total anthropogenic radiative forcing (Field et al., 2014).

In addition to having a data set with ample amounts of collocated data, special effort was made to sample the North American

anthropogenic outflow over the western North Atlantic ocean (Sorooshian et al., 2019). The ultrafine and fine aerosol species

of this anthropogenic outflow are predominantly composed of fresh or aged sulfate and organics (Dadashazar et al., 2022a),135

while the coarse aerosols are predominantly composed of sea salt. Although there are cases of various aerosol species that are

sampled during ACTIVATE such as amines (Corral et al., 2022), dust (Ajayi et al., 2024), and smoke (Soloff et al., 2024), this

study serves only to establish the utility of the ISARA and focuses on the less complex fine spherical aerosol species, while

the coarse properties are prescribed based on a priori information. We purposely limit the scope of this study to these simpler

aerosol species as part of a systematic approach to establish a baseline performance of ISARA before moving to more complex140

aerosol species. We also leave to future work the detailed analysis of the consistency between the ambient aerosol properties

derived from in-situ ground site measurements and remote sensing measurements of coarse aerosol species. The ACTIVATE

data set is discussed in more detail in Sect. 3.1.

With this overview, we introduce a three-fold consistency analysis framework to evaluate the performance and robustness of145

the ISARA algorithm. The central goal of consistency and closure efforts is to enable one-to-one comparisons between in-situ

and remote sensing data sets. While ISARA is designed to account for differences in aerosol properties due to relative humidity,

challenges remain in achieving true one-to-one comparison due to the difficulties in sampling and modeling coarse aerosols

and statistical uncertainties in the retrievals themselves. It is important to note that ultimately, though perfect closure is likely

impossible due to missing data on the fine aerosol refractive index and of the true size distribution of the coarse aerosol, we150

show that agreement between the derived aerosol properties can be achieved.

To assess whether ISARA produces aerosol properties that are accurate and quantitatively comparable across platforms, we

perform three types of consistency analysis: 1) synthetic consistency, using Monte Carlo-generated data to test retrieval ac-

curacy under controlled conditions; 2) internal consistency, comparing ISARA-derived aerosol properties with corresponding155
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instrument measurements; and 3) external consistency, assessing agreement between ISARA-derived properties and remote

sensing retrievals from HSRL-2 and RSP.

Section 2 provides a summary of a theoretical framework of aerosol properties. Section 3 includes: 1) ACTIVATE mission; 2)

a description of relevant in-situ and remote sensing measurements; 3) ISARA methodology including retrieval descriptions for160

dry CRI and κ; 4) synthetic in-situ data generation; 5) HSRL-2 and RSP data processing including cloud filtering of remote

sensing data and matching HSRL-2 data to the RSP resolution; and 6) collocation of in-situ data to the remote sensing data.

Section 4 presents results of the synthetic, internal, and external measurement consistency analyses. The external measurement

consistency analysis is conducted under ideal conditions defined as: i) good spatiotemporal collocation (defined as a spatiotem-

poral separation of <6 min and <15 km) between the platforms and ii) the absence of clouds within remote sensing retrievals165

and in-situ measurements. As part of the external consistency analysis, we present the results of two case studies as well as the

results from a more general statistical analysis. Section 5 summarizes key points of this study and suggests potential avenues

for future work.

2 Background on Aerosol Properties

While a comprehensive theoretical framework of aerosol properties is beyond the scope of this work, a brief summary is pro-170

vided. Fundamentally, a aerosol’s properties are defined by its size, shape, and composition. Atmospheric aerosols can vary in

shape and morphology depending on their species and history, but they are typically categorized as spherical or nonspherical

to first order. Aerosol size is described in terms of radius or diameter, however this becomes dependent on volume for non-

spherical aerosols.

175

In cases of nonspherical aerosols, volume- or cross-section-equivalent diameters are sometimes used (Gasteiger and Wiegner,

2018). The cross-section-equivalent diameters are defined with respect to the orientation averaged cross-sectional area. For the

purposes of this study, we define all of our nonspherical aerosol diameters in terms of cross-section-equivalent diameters (Dc)

that are defined as follows:

D≡Dc = 2

√
cg
π
, (1)180

where cg is the orientation averaged geometric cross-sectional area of the aerosol. Many ambient aerosol species are closely

approximated by spherical aerosols with the notable exceptions of dust, fresh ash, dry sea salt, and pollen (Gasteiger et al.,

2011; Bi et al., 2018; Cholleton et al., 2020). In is work we discuss spheroids in particular, which are stretched spheres. The

eccentricity of a spheroid defines how far from a sphere the shape is stretched. an eccentricity of 1 indicates a sphere and the

larger the eccentricity, the more stretched the spheroid is. Prolate spheroids are taller than they are wide, and oblate spheroids185

are wider than they are tall.
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The composition of a aerosol defines the CRI, which is a complex number that depends on aerosol composition and is defined

as follows:

CRI = RRI+ IRIi, (2)190

where RRI and IRI are the real and imaginary components of CRI, respectively. The IRI indicates how much incoming light

an aerosol absorbs and the RRI of an aerosol indicates how much of the incoming light is scattered. Size, shape, and CRI

physically govern how an aerosol scatters and absorbs incoming light.

Regardless of the shape, the amount of light scattered and absorbed by an aerosol of a given size is described by its scattering195

and absorption efficiency (Qscat and Qabs, respectively), which are directly dependent on the CRI. In addition to the total

amount of light scattering and absorbing, it is also important to know what directions that an aerosol will scatter light and

what impacts the aerosol has on the polarization of the incoming light. This information is contained in the angular scattering

matrix (F) of an aerosol (Mishchenko and Travis, 1998; Gasteiger and Wiegner, 2018). The F describes the angle and relative

intensity of scattered light and is defined as follows:200

F(θ) =


a1(θ) b1(θ) 0 0

b1(θ) a2(θ) 0 0

0 0 a3(θ) b2(θ)

0 0 −b2(θ) a4(θ)

 , (3)

where θ is the angle of the scattered light. Within the angular scattering matrix, the first element is the phase function (a1) that

describes the angular distribution of aerosol scattered light intensity. It is normalized over all directions so that it represents

the probability of scattering into a given direction. In the context of this study, it defines the angular scattering characteristics

relevant to the viewing geometries of the lidar, polarimeter, and in-situ instruments.205

The remaining elements of F contain the information on how the aerosol twists incoming light as it is scattered, which changes

the polarization of the incoming light. The angular scattering matrix combined with and Qscat provide all the information

needed to determine how an aerosol of a given size scatters and twists the incoming light’s Stokes vector (van de Hulst, 1981;

Gasteiger and Wiegner, 2018). The Stokes vector parameterizes the polarization state of light and is defined as follows:210

SI(θ) =


S1

S2

S3

S4

 , (4)

where S1(θ) is the angular light intensity and S1(θ), S2(θ), and where S3(θ) correspond the proportion of light in various

polarization states. The S1(θ), S2(θ), and S3(θ) all contribute to the degree of linear polarization. Given the information

7

Text Replaced�
Text
[Old]: "particle" 
[New]: "aerosol"

Text Deleted�
Text
"particle"

Text Replaced�
Text
[Old]: "CRI that" 
[New]: "CRI, which"

Text Replaced�
Text
[Old]: "the particle’s" 
[New]: "aerosol"

Text Inserted�
Text
"190"

Text Replaced�
Text
[Old]: "RRI+IRI × i, (1)" 
[New]: "RRI+IRIi, (2)"



Font "CMR10" changed to "CMMI10".

Text Deleted�
Text
"of a particle"

Text Replaced�
Text
[Old]: "it" 
[New]: "an aerosol"

Text Replaced�
Text
[Old]: "a particle" 
[New]: "an aerosol"

Text Replaced�
Text
[Old]: "The particle properties 160 of size," 
[New]: "Size,"

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "composition" 
[New]: "CRI"

Text Replaced�
Text
[Old]: "a particle" 
[New]: "an aerosol"

Text Inserted�
Text
"195"

Text Replaced�
Text
[Old]: "intrinsic optical properties of any randomly oriented particle of a given size are contained within the" 
[New]: "amount of light scattered and absorbed by an aerosol of a given size is described by its"

Text Replaced�
Text
[Old]: "respectively)" 
[New]: "respectively), which are directly dependent on the"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"CRI. In addition to the total amount of light scattering and absorbing, it is also important to know what directions that an aerosol will scatter light and what impacts the aerosol has on the polarization of the incoming light. This information is contained in the"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"angular scattering"

Text Inserted�
Text
"matrix"

Text Deleted�
Text
"angular scattering matrix"

Text Replaced�
Text
[Old]: "a particle" 
[New]: "an aerosol"

Text Inserted�
Text
"200"

Text Replaced�
Text
[Old]: "(2) 165" 
[New]: "(3)"

Text Replaced�
Text
[Old]: "defined as" 
[New]: "the"

Text Inserted�
Text
"(a 1 ) that describes the angular distribution of aerosol scattered light intensity. It is normalized over all directions so that it represents the probability of scattering into a given direction. In the context of this study, it defines the angular scattering characteristics 205 relevant to the viewing geometries of the lidar, polarimeter, and in-situ instruments. The remaining elements of"

Annotation Attributes Changed�
Annotation
 

Text Replaced�
Text
[Old]: "(a" 
[New]: "F contain the information on how the aerosol twists incoming light as it is scattered, which changes the polarization of the incoming light. The"



Font "CMMI10" changed to "NimbusRomNo9L-Medi".

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"angular scattering matrix"

Text Inserted�
Text
"combined with and Q scat provide all the information needed to determine how an aerosol of a given size scatters and twists the incoming light’s Stokes vector"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"(van de Hulst,"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"1981; 210"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"Gasteiger and Wiegner,"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"2018). The Stokes vector parameterizes the polarization state of light and is defined as follows:"

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "1 )." 
[New]: "  S I (θ)=  S 1 S 2 S 3 S 4  , (4) where S 1 (θ) is the angular light intensity and S 1 (θ), S 2 (θ), and where S 3 (θ) correspond the proportion of light in various polarization states. The S 1 (θ), S 2 (θ), and S 3 (θ) all contribute to the degree of linear polarization. Given the information"



Font "CMR7" changed to "CMEX10".
Font-size "6.9738" changed to "9.9626".

Text Inserted�
Text
"7"



contained in F and SI, observed angular Stokes vector (SI,obs(θ)) of an aerosol can be expressed as follows:

SI,obs(θ) =
Qscatcg
4πr2obs

F(θ)SI,inc(θ), (5)215

where SI,inc(θ) is the Stokes vector of the incoming light and robs is the distance of the observer from the observed aerosol. In

Eq. 5, both the cg and the exact solution of the scattering matrix depend on aerosol shape.

For aerosol that can be approximated as spheres, Mie theory provides a numerically exact approach over a large aerosol size-

range (Mie, 1908; Shingler et al., 2016). To model nonspherical aerosol shapes, a more sophisticated approach is required as220

each aerosol type has a different expected shape. One type of nonspherical shape approximation that is commonly used is a

spheroid, which also has an exact solution (Sorribas et al., 2015; Unga et al., 2018). Some nonspherical shape approximations

with stochastic solutions are cuboids and super-spheroids (Lin et al., 2018; Kahnert and Kanngießer, 2024). In addition, there

are some limited stochastic solutions to more irregular shapes (Gasteiger et al., 2011). So far, we have defined the intensive

properties of single aerosol particle; however, measurements of aerosol properties are done with respect to a ensemble of225

aerosol particles with various sizes and shapes.

Ensembles of aerosols can have extensive properties that are dependent on the quantity of aerosols that are present in addition

to the averaging each aerosol’s intensive properties. The extensive aerosol properties include number, volume, and surface area

concentration as well as extinction, absorption, scattering, and backscatter coefficients. To integrate the intensive properties of230

in-situ size-distribution measurements of an ensemble of aerosols, we use Modeled Optical Properties of Ensembles of Aerosol

Particles (MOPSMAP; Gasteiger and Wiegner, 2018) that is capable of resolving the intensive and extensive properties of a

variety of shapes and sizes.

The spectral scattering and absorption efficiencies (Qscat and Qabs) can be integrated over the aerosol size distribution to235

compute the scattering and absorption coefficients (Cscat and Cabs, respectively):

Cscat,abs(λ) =

log10Dmax∫
log10Dmin

[
πD2

4
Qscat,abs(λ,CRI,D)no(D)

]
dlog10D, (6)

where λ is the wavelength of the observation, dlogD is the logarithmic difference between the upper and lower diameter

cutoffs of each bin, and is the . The integral bounds log10Dmin and log10Dmax correspond to the dlogD of the smallest and

largest bins of the size distribution. The term is used per convention to represent the following:240

no(D) =
dN(D)

dlog10D
, (7)

where dN is the number of particles counted in a bin. Using these equations, we can “invert” the extensive measurements

of absorption and scattering coefficients to determine the mean and spread of intensive properties of aerosol. This process is

detailed in Section 3.3 along with mathematical definitions of the intensive and extensive ambient properties that are evaluated
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in this study.245

In general, remote sensors are not as sensitive to aerosol number concentration as they are to aerosol surface area and volume

concentrations. For remote sensing of fine and coarse aerosol, polarimeters and high-spectral-resolution lidar that operate in

the visible to near-infrared part of the spectrum are sensitive to the aerosol effective radius, effective variance, real refractive

index, and single-scattering albedo (Hansen and Travis, 1974; Burton et al., 2016; Stamnes et al., 2018). Given the sensitivity250

of remote sensors to both surface area and volume concentration, this work also discusses the lognormal size-resolved aerosol

surface area and volume concentration (so and vo, respectively). Lognormal surface area concentration of aerosols in a given

size-range is defined as follows:

so(D) = no(D)πD2 =
dS(D)

dlog10D
. (8)

Lognormal volume concentration of aerosols in a given size-range is defined as:255

vo(D) = no(D)
πD3

6
=

dV(D)

dlog10D
. (9)

Another important aspect of aerosol properties is their interaction with water. As discussed above, ambient aerosol exist in

the presence of water and it is necessary to understand how aerosol properties change as they uptake water. Water uptake by260

aerosol causes them to grow in size and alters their CRI. Depending on the aerosol species, the water can either solubilize the

aerosol or the water can form a coating. For the purposes of this work we will not be considering aerosol coating and assume

the aerosol and water are mixed.

First, we consider the impacts of water on aerosol size. Conceptually, hygroscopic growth results in the size distribution being265

shifted to the right by gf and the distribution will widen if the size distribution is graphed with diameter on the x-axis. For

spherical (and spherically equivalent) aerosols, both the scattering coefficients and aerosol diameters are related to κ directly

by the gf , which is defined as the ratio between the humidified (i.e., wet) and the dry diameters:

gf =
Humidified Diameter

Dry Diameter
=

Dwet

Ddry
. (10)

The gf is related to κ by RH via the following parameterization from Petters and Kreidenweis (2007):270

RH

exp

(
αw

Ddrygf

) =
gf

3 − 1

gf 3 − [1−κ]
, (11)

where αw is the water activity. Water activity is a temperature-dependent function defined as follows:

αw =
4σs/wMw

RTρw
, (12)

9

Text Inserted�
Text
"245"

Text Replaced�
Text
[Old]: "particle" 
[New]: "aerosol"

Text Replaced�
Text
[Old]: "particle" 
[New]: "aerosol"

Text Replaced�
Text
[Old]: "particles larger than the remote sensor’s observing wavelength, the remote sensor is most sensitive to particle cross-sectional area (i.e., surface area concentration). For particles smaller than the observing wavelength, the remote sensor is most sensitive to volume concentration." 
[New]: "remote sensing of fine and coarse aerosol, polarimeters and high-spectral-resolution lidar that operate in the visible to near-infrared part of the spectrum are sensitive to the aerosol effective radius, effective variance, real refractive 250 index, and single-scattering albedo"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"(Hansen and Travis,"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"1974;"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"Burton et al.,"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"2016;"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"Stamnes et al.,"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"2018)."

Text Inserted�
Text
"both"

Text Replaced�
Text
[Old]: "concen 190 195 tration," 
[New]: "concentration,"

Text Inserted�
Text
"lognormal"

Annotation Deleted�
Annotation
 

Text Deleted�
Text
"logarithmic"

Text Deleted�
Text
"particle"

Text Inserted�
Text
"and volume"

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "(a o )" 
[New]: "(s o"

Text Replaced�
Text
[Old]: "logarithmic" 
[New]: "v"



Font "NimbusRomNo9L-Regu" changed to "CMMI10".

Annotation Deleted�
Annotation
 

Text Replaced�
Text
[Old]: "size-resolved aerosol particle volume concentration (v o ). Lognormal surface area concentration for spherical particles in a given size range is defined as follows: dA a o = n o × πD" 
[New]: "o , respectively). Lognormal surface area concentration of aerosols in a given size-range is defined as follows: dS(D) s o (D) = n o (D)πD"



Font "NimbusRomNo9L-Regu" changed to "CMR7".
Font-size "9.9626" changed to "6.9738".

Text Inserted�
Text
"10"

Text Replaced�
Text
[Old]: "(5)" 
[New]: "255"



Font "NimbusRomNo9L-Regu" changed to "NimbusSanL-Regu".
Font-size "9.9626" changed to "8.51801".

Text Replaced�
Text
[Old]: "spherical particles" 
[New]: "aerosols"

Text Replaced�
Text
[Old]: "size range" 
[New]: "size-range"

Text Inserted�
Text
"(8) πD"

Text Inserted�
Text
"3 dV(D) v o (D)"

Text Attributes Changed�
Text
Font "CMMI10" changed to "CMR10".

Text Replaced�
Text
[Old]: "× πD 3 = dV 200" 
[New]: "(D) (9) = dlog 10 D"



Font "CMSY10" changed to "CMR10".

Graphic Element Inserted�
Graphic Element
 

Text Deleted�
Text
"(6)"

Graphic Element Deleted�
Graphic Element
 

Text Replaced�
Text
[Old]: "dlog" 
[New]: "Another important aspect of aerosol properties is their interaction with water. As discussed above, ambient aerosol exist in 260 the presence of water and it is necessary to understand how aerosol properties change as they uptake water. Water uptake by aerosol causes them to grow in size and alters their"



Font "CMR10" changed to "NimbusRomNo9L-Regu".

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"CRI. Depending on the aerosol species, the water can either solubilize the aerosol or the water can form a coating. For the purposes of this work we will not be considering aerosol coating and assume the aerosol and water are mixed. 265 First, we consider the impacts of water on aerosol size. Conceptually, hygroscopic growth results in the size distribution being shifted to the right by"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"g f and the distribution will widen if the size distribution is graphed with diameter on the x-axis. For spherical (and spherically equivalent) aerosols, both the scattering coefficients and aerosol diameters are related to"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"κ directly by the"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"g f , which is defined as the ratio between the humidified (i.e., wet) and the dry diameters: g f ="

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "D 2.2 ACTIVATE Mission Description" 
[New]: "Humidified Diameter Dry Diameter = D wet D dry"

Graphic Element Inserted�
Graphic Element
 

Text Inserted�
Text
". (10) 270"

Annotation Attributes Changed�
Annotation
 

Text Replaced�
Text
[Old]: "ACTIVATE" 
[New]: "g f is related to"



Font "NimbusRomNo9L-Regu" changed to "CMMI10".

Text Deleted�
Text
"featured 162 coordinated science flights across six"

Annotation Attributes Changed�
Annotation
 

Text Replaced�
Text
[Old]: "ACTIVATE deployments that occurred from 14 February 205 2020 to 18 June 2022. The six" 
[New]: "κ by"



Font "NimbusRomNo9L-Regu" changed to "CMMI10".

Annotation Attributes Changed�
Annotation
 

Text Replaced�
Text
[Old]: "ACTIVATE deployments occurred between the following dates: 1. 14 February – 12 March 2020, 2. 13 August – 30 September 2020, 3. 27 January – 2 April 2021, 4. 13 May – 30 June 2021," 
[New]: "RH via the following parameterization from"

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "7" 
[New]: "9"

Text Replaced�
Text
[Old]: "210 5. 30 November 2021 – 29 March 2022, 6." 
[New]: "Petters and Kreidenweis"



Font "NimbusSanL-Regu" changed to "NimbusRomNo9L-Regu".
Font-size "8.51801" changed to "9.9626".

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"(2007):"

Graphic Element Inserted�
Graphic Element
 

Text Inserted�
Text
"RH � � = g f 3 − 1"

Text Attributes Changed�
Text
Font "NimbusRomNo9L-Regu" changed to "CMR7".
Font-size "9.9626" changed to "6.9738".

Graphic Element Inserted�
Graphic Element
 

Text Replaced�
Text
[Old]: "May 2022 – 18 June 2022." 
[New]: ", (11) α w g f − [1 − κ] exp D dry g f where"



Font "NimbusRomNo9L-Regu" changed to "CMMI10".

Text Deleted�
Text
"During the first five and a half"

Annotation Attributes Changed�
Annotation
 

Text Replaced�
Text
[Old]: "ACTIVATE deployments," 
[New]: "α w is"



Font "NimbusRomNo9L-Regu" changed to "CMMI10".

Annotation Inserted�
Annotation
 

Text Replaced�
Text
[Old]: "majority" 
[New]: "water activity."

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"Water activity is a temperature-dependent function defined as follows:"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"α w = 4σ s/w M w RTρ w , (12)"



where σs/w, Mw, R, T , and ρw are surface tension of solute (i.e., aerosol) to water, molecular weight of water, ideal gas

constant, temperature, and density of water, respectively. The values of σs/w, ρw, and T are assumed to be 0.072 J m−2,275

1000 kg m−3, and 298.15 K, respectively (Petters and Kreidenweis, 2007). For aerosols larger than 80 nm, this equation be-

comes (Zieger et al., 2013):[
Dwet

Ddry

]3
= gf

3 = 1+κ
RHwet

100%−RHwet
, (13)

Finally, it is important to consider the impact that water has on dry CRI. To account for the mixing of water with aerosol CRI,

the humidified CRI is assumed to be the volume-weighted average between dry CRI and the CRI of water (CRIw = 1.33+0i).280

The volume-weighted mixing model is used because it was found to be the most robust of a variety of possible mixing models

by (Nessler et al., 2005). With this model, CRI can be written as a function of gf (and consequently κ using Eq. 11) as follows:

CRI(gf )≈
CRIdry +CRIw[gf

3 − 1]

gf 3
. (14)

Another hygroscopic parameterization relevant to this work is γ. The γ parameterization relates scattering coefficients at some285

specified RH (RHspecified) to dry measured scattering coefficients (Cscat,measured) through the following:

Cscat,RHspecified
= Cscat,RHmeasured

exp

(
−γ ln

[
100%−RHspecified

100%−RHmeasured

])
. (15)

With the summary of aerosol properties complete, we now shift our focus to the ACTIVATE mission and the measurements of

aerosol properties relevant to this work.

3 Methods290

3.1 ACTIVATE Mission Description

An important feature of the ACTIVATE data set is the extensive collocated advanced passive and active remote sensing and

in-situ data. The ACTIVATE aircraft executed flights that can be broadly categorized into two mission types: “process studies”

and “statistical surveys”. This study focuses on statistical survey flights, where the lower-flying HU-25 Falcon aircraft collected

in-situ data at various vertical levels (i.e., legs) in and above the marine boundary layer (MBL) for ∼3.3 hours (Dadashazar295

et al., 2022b). During these statistical surveys, the Falcon would also make occasional vertical profiles (i.e., controlled as-

cents and descents) through the atmosphere. Simultaneously, the higher-flying King Air at approximately 9 km would conduct

remote sensing and launch dropsondes while being spatially coordinated with the Falcon. These flights comprised 90% of

ACTIVATE missions and allowed for the efficient in-situ characterization of gas, cloud, aerosol, and meteorological quantities

of the MBL across multiple flights and deployments (Dadashazar et al., 2022b; Sorooshian et al., 2023). As noted previously,300

the focus on spatial coordination of the two aircraft during the flights is beneficial for external consistency analysis, which is

later described in Sect. 3.5.
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The ACTIVATE featured 162 coordinated science flights across six ACTIVATE deployments that occurred from 14 February

2020 to 18 June 2022. During the first five and a half ACTIVATE deployments, the majority of these flights were carried out305

using NASA Langley Research Center in Virginia as a base of operations, and the final half of the sixth ACTIVATE deployment

was based in Bermuda. The extent of the North Atlantic region that was sampled during ACTIVATE was within bounds of 58–

78◦W and 28–42◦N. The ACTIVATE methodology, sample region, and data set are described in more detail in Sorooshian

et al. (2023). The ACTIVATE mission follows previous studies that aim to study aerosol-cloud interactions in the dynamic

western North Atlantic environment (e.g., Quinn et al., 2019; Sorooshian et al., 2020; Dadashazar et al., 2021b, a; Corral et al.,310

2021; Painemal et al., 2021).

3.2 Measurements

3.2.1 Remote Sensor Instrument Descriptions

The Second Generation High Spectral Resolution Lidar, HSRL-2, is an active lidar remote sensor that provides altitude-

resolved profiles of various aerosol and cloud properties for campaigns such as the Cloud, Aerosol and Monsoon Processes315

Philippines Experiment (CAMP2Ex; Reid et al., 2023), Deriving Information on Surface Conditions from COlumn and VER-

tically Resolved Observations Relevant to Air Quality (DISCOVER-AQ; Sawamura et al., 2017), and ACTIVATE (Sorooshian

et al., 2023). Unlike standard elastic backscatter lidars such as Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),

the HSRL-2 has the ability to measure total and molecular backscatter separately from which aerosol backscatter, extinction,

lidar ratio (LR), and linear depolarization ratio (LDR) can be derived (Hair et al., 2008; Burton et al., 2016, 2018). The HSRL-2320

has channels at 355 and 532 nm with an additional elastic backscatter channel at 1064 nm where the ambient extinction coef-

ficient at 355 and 532 nm is retrieved from the measured lidar ratio. Because the HSRL-2 does not measure LR at 1064 nm,

the 1064 nm extinction and LDR are retrieved products (Burton et al., 2016). In this study, the HSRL-2 measurement of total

ambient extinction coefficient at 532 nm serves as the standard relative to the ISARA-derived ambient extinction coefficient as

was done in Sawamura et al. (2017). The HSRL-2 field of view is 1 mrad, which corresponds to a 9 m footprint for an aircraft325

at 9 km altitude.

Complementing the HSRL-2 is the RSP, is a passive polarimetric remote sensor that uses highly accurate multispectral and

hyperangular photopolarimetric measurements to characterize aerosol and cloud properties (Cairns et al., 1999, 2003). The

aerosol products are based on an optimal estimate using the Research Scanning Polarimeter Microphysical Aerosol Properties330

from Polarimetery (RSP-MAPP) algorithm (Stamnes et al., 2018). Fine and coarse aerosol optical and microphysical properties

are retrieved using seven channels that measure the total and polarized radiance across the visible-shortwave spectrum (wave-

length range = 410–2260 nm) with over 100 viewing angles between ±55◦. The RSP has a field of view of 14 mrad, which

results in a 126 m along-track footprint for an aircraft at 9 km altitude. As a result, the RSP provides accurate column-averaged

retrievals of aerosol optical and microphysical properties such as real refractive index (RRI), IRI, effective radius (reff ), and335
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single scattering albedo (SSA).

The relevant King Air products are described in Table 1 along with their associated vertical resolutions, temporal resolutions,

and uncertainties. Note that the native resolution of the extinction coefficients measured by the HSRL-2 is 225 m vertically and

60 seconds temporally. The provided HSRL-2 coefficients are smoothed from the subsampled resolution of 15 m × 1 s to the340

native resolution 225 m × 60 s by taking the arithmetic mean of all subsampled points within each native bin.

In addition to analyzing the consistency of the standard HSRL-2 and RSP aerosol products, this study analyzes the consistency

of the novel altitude-resolved aerosol number concentration estimate (N; Schlosser et al., 2022). Complete details on the

derivation of altitude-resolved N are discussed in Schlosser et al. (2022), but note that this quantity relies on the HSRL-2-345

derived aerosol extinction coefficient at 532 nm and the RSP-derived aerosol extinction cross section at 532 nm. This study

also uses the advanced aerosol typing product provided by the HSRL-2 team (Burton et al., 2012, 2013). Specifically, we count

the number of bins flagged as smoke in the HSRL-2 aerosol typing product within each 225 m × 60 s bin. This HSRL-2-derived

smoke count is used to analyze for the presence of elevated smoke layers.

3.2.2 In-Situ Instrument Descriptions350

In-situ measurements of dry logarithmic size-resolved aerosol number concentration (no) are taken from the Scanning Mobility

Particle Sizer (SMPS) (Model 3085 DMA, Model 3776 Condensation Particle Counter (CPC), and Model 3088 Neutralizer;

TSI, Inc.) and a Laser Aerosol Spectrometer (LAS) (Model 3340; TSI, Inc.). The SMPS measures concentrations of aerosols

with mobility D ranging in size from 2.97 to 94 nm at a 45-second temporal resolution (Moore et al., 2017). The LAS mea-

sures concentrations of aerosols with optical equivalent D ranging in sizes from 0.094 to 7.50 µm at a 1-second temporal355

resolution (Froyd et al., 2019). All SMPS data rely exclusively on passive drying from ram heating (i.e., air speeding up

as it enters the aircraft inlet) and a generally warmer cabin temperature than ambient air. In addition to passive drying, the

aerosols sampled by the LAS are actively dried with a 6” Monotube dryer (Perma-Pure, Model 700) for all flights except those

conducted between 14 May and 30 June 2021, which were only dried passively. Note that all drying was done to an RH of

≤60%. The no measurements provided by the SMPS and LAS are provided at standard temperature and pressure (273.15 K360

and 1013 mb). These data are provided with a standard temperature and pressure conversion factor that translates the standard

number concentrations from standard temperature and pressure to ambient temperature and pressure conditions (See Sect. 3.3).

While the LAS has a measurement range up to 7.5 µm, the maximum cutoff D of the sample inlet prevents the measurement

of aerosols with ambient D > 5 µm for ACTIVATE (McNaughton et al., 2007; Chen et al., 2011). The effective upper size cut365

is D = 5 µm for all 2020 data. For this data set, only aerosols with a maximum of dry optical D up to 3.49 µm were used. This

is done because the next logarithmically-spaced bin starts at 3.49 µm and extends beyond the limit for efficient transmission

into the isokinetic inlet. For 2021 and 2022 data sets, a cyclone was installed upstream of the nephelometers that results in a

1 µm aerodynamic cutoff for those data. A cyclone is used to cut-off the maximum aerosol size for the scattering coefficient
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Table 1. Summary of the King Air payload including relevant HSRL-2 and RSP ambient aerosol products with associated native resolutions

and uncertainties.

Instrument Parameter Description Vertical/Temporal

Resolution

Uncertainty

Bulk aerosol extinction coefficient (Cext) at 355,

532, and 1064 nm wavelengths∗
225 m / 60 seconds 0.01 km−1

Second Generation

High Spectral

Resolution Lidar

(HSRL-2)

Bulk aerosol backscatter coefficient (Cbsc) at

355, 532, and 1064 nm wavelengths

30 m / 10 seconds 0.2 Mm−1 sr−1

Bulk aerosol linear depolarization ratio (LDR) at

355, 532, and 1064 nm wavelengths∗
225 m / 10 seconds 2 – 5%∗∗∗

Column aerosol optical depth (AOD) at 355 and

532 nm wavelengths

– / 60 seconds 0.02

Bulk, fine, and coarse hyper-spectral column

AOD from 410 to 2250 nm wavelengths

– / 4.167 seconds 0.04 / 0.015∗∗

Research

Scanning

Polarimeter (RSP)

Column−averaged total, fine, and coarse aerosol

number concentration (N)

– / 4.167 seconds 21%

Column−averaged fine, and coarse effective ra-

dius (reff )

– / 4.167 seconds 0.02 / 0.15 µm∗∗∗

Column−averaged fine, and coarse effective

variance (veff )

– / 4.167 seconds 0.05 / 0.07∗∗∗

Column−averaged bulk, fine, and coarse aerosol

extinction cross-section (σext)

– / 4.167 seconds –

Column−averaged bulk, fine, and coarse single

scattering albedo (SSA)

– / 4.167 seconds 0.02 / 0.04∗∗∗

Column−averaged fine real refractive index

(RRI)

– / 4.167 seconds 0.02

Column−averaged fine imaginary refractive in-

dex (IRI)

– / 4.167 seconds 0.002

∗ The 1064 nm Cext and LDR are retrieved HSRL-2 products.
∗∗ Uncertainty values are approximate and dependent on scattering levels.
∗∗∗ Uncertainty values are for the fine / coarse, respectively.

measurements. The cyclone is not used for the absorption coefficient and size distribution measurements.370

For the cyclone, it is important to note that the optical size can be greater than the aerodynamic size by a factor of 1.2 to 1.8

depending on the density and shape. Additionally, the cyclone has a 50% efficiency at 1 µm. Due to the difference between the
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aerodynamic and optical sizes and the imperfect nature of the cyclone, we select the LAS bin that has a Dgm of 2 µm as the

last bin of size distribution. This bin samples aerosol with diameters ranging from 1.79 to 2.25 µm. While this bin extends to375

aerosol sizes as high as 2.25 µm this bin was chosen to limit the erroneous over-truncation of the size distribution. This decision

is discussed in more detail in Sect. 3.3. The impact on the absorption coefficient from aerosol between 2.25 and 3.49 µm is

negligible in the calculation of absorption coefficients (Moosmüller et al., 2009; Moosmüller and Sorensen, 2018). This as-

sumption may result in an overestimation in the IRI in some cases, which is important to consider.

380

Another important detail to note is that the LAS aerosol sizing is calibrated using an assumed dry CRI and shape. The system-

atic error introduced by using an assumed dry CRI and shape is expected to be minimized by performing the LAS calibration

with respect to spherical ammonium sulfate aerosols with dry CRI of 1.53+0i, which is among the most common aerosol

species (Ebert et al., 2004; Sawamura et al., 2017). Furthermore, external mixtures of many aerosol species have an apparent

RRI that falls between 1.5 and 1.58 (Li et al., 2023). If an external mixture of aerosols is dominated by a RRI outside of this385

range, it is likely that the assumptions of a spectrally flat CRI and sphericity are not longer valid. The SMPS sizing is cali-

brated using National Institute of Standards and Technology (NIST)-traceable polystyrene latex spheres, while size-dependant

concentrations were calibrated in the laboratory using monodispersed aerosol and a reference CPC. These calibrations resulted

in good stitching between the SMPS and LAS distributions, where stitching refers to the process of combining aerosol size

distributions from different instruments into a continuous data set. They also led to consistent integrated number concentrations390

measured when compared to ancillary CPC measurements (see Figure 7 of Sorooshian et al., 2023).

The in-situ optical measurements are taken by the nephelometer (Model 3563; TSI, Inc.) and the tricolor Particle Soot Absorp-

tion Photometer (PSAP) (Radiance Research; Sorooshian et al., 2023). The nephelometer measures cabin dried (RH≤60%)

and humidified (RH≈85%) aerosol scattering coefficients (Cscat,RH≤60 and Cscat,RH≈85) at wavelengths equal to 450, 550,395

and 700 nm at a 1-second temporal resolution (Ziemba et al., 2013). In addition to the scattering coefficients, the nephelometers

also measure RH. The PSAP measures dry absorption coefficient (Cabs,RH≈0) at 470, 532, and 660 nm at a 1-second temporal

resolution (Mason et al., 2018). The PSAP sample stream is dried by heating the optical block to 35◦C. The scattering co-

efficients are corrected for truncation errors using Anderson and Ogren (1998) and the absorption coefficients are corrected

for a transmittance and flow errors using Virkkula (2010). The parallel dry and humidified nephelometer deployment allows400

for scattering coefficients to be adjusted to any RH up to saturation (RH = 99%) through the computation of γ (Sawamura

et al., 2017). AS discussed previously, this γ product relates scattering coefficients at some specified RH (RHspecified) to dry

measured scattering coefficients through Eq. 15.

For this work, RHmeasured and Cscat,measured are measured by the cabin dried nephelometer. For the ISARA retrieval, the405

measured Cscat,RH≤60 is adjusted to be scattering at RH = 0% (i.e., Cscat,dry) using Eq. 15. For the purposes of this study, we

will only use scattering and absorption data when all three channels of the nephelometer and PSAP have signals above 1 Mm−1

and 0 Mm−1, respectively. Note that measurement uncertainty can lead to the in-situ measurements having signals less than
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zero. This is most important for low signal measurements and can impact some or all channels.

410

Measurements of ambient liquid water content (LWC) and cloud drop number concentration (Nd) are used to classify in-

situ data as cloud-free, ambiguous, or cloud. This classification becomes important because ISARA retrievals are performed

for cloud-free cases. Ambient LWC and Nd are both derived from ambient aerosol size distribution measured by a Cloud

and Aerosol Spectrometer (Droplet Measurement Technologies CAS; Baumgardner et al., 2001; Lance, 2012), a Fast Cloud

Droplet Probe (SPEC FCDP; Kirschler et al., 2022), and a Cloud Droplet Probe (Droplet Measurement Technologies CDP;415

Sinclair et al., 2019). The CAS, CDP, and FCDP measure aerosols in ambient D size-ranges of 0.5–50 µm, 2–50 µm, and

3–50 µm, respectively. Measurements are considered cloud-free where LWC is less than 0.001 g m−3, respectively (Schlosser

et al., 2022). Because the CAS, CDP, and FCDP provide redundant measurements of LWC, this work relies on the CDP pri-

marily and only uses the FCDP for flights where the CDP was not used. The CAS is only used as a source of LWC information

in the case the CDP and the FCDP are unavailable.420

In addition to applying a maximum LWC threshold, a sampling inlet flag is used to confirm that the Falcon aircraft operated

with the isokinetic inlet rather than the Counterflow Virtual Impactor (BMI Inc. CVI; Shingler et al., 2012), which is intended

to collect cloud residuals. The sampling inlet flag also filters out ice clouds. Filtering out stray ice aerosol is not required as

they will not survive the isokinetic sampling process.425

The ambient aerosol size distribution measured by the CAS, the CDP, and the FCDP also help account for coarse aerosol when

calculating the final properties of the ambient aerosol (see Section 3.3). The CAS is used as the primary source of coarse ambi-

ent information. The CDP and FCDP are only used for coarse ambient information in the case the CAS data are not available.

To round off the suite of in-situ instruments is the Diode Laser Hygrometer (DLH), which provides ambient RH data. Ambient430

RH is used for the final calculation of ambient aerosol properties as described in Sect. 3.3. Note that the DLH measures water

vapor mixing ratio, which is used with ambient pressure and temperature data to derive ambient RH to an relative accuracy of

15% of the measured RH (Diskin et al., 2002). The relevant Falcon measurements are described in Table 2 along with their

associated size-ranges, temporal resolutions, and uncertainties.

435

3.3 In-Situ Aerosol Retrieval Algorithm (ISARA) Description

ISARA is a retrieval algorithm that uses dry and humidified (i.e., wet) aerosol measurements to retrieve the intensive properties

while accounting for changes in optical properties due to hygroscopicity, allowing for the derivation of ambient aerosol prop-

erties. For these retrievals, we assume that the CRI does not change with wavelength (e.g., the CRI is spectrally flat), which is

a good assumption for organic and sulfate aerosol species observed for much of ACTIVATE within the 450–700 nm range of440

wavelengths (Bain et al., 2019). Also, as discussed previously, we have limited our calculations for these retrievals to classical
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Table 2. Summary of the relevant Falcon measurements and payload with associated size-ranges, resolutions, and one standard deviation

uncertainties.

Measurement Instrument Systematic

uncertainty

(accuracy)

Random

uncertainty

(precision)

size-range Native time

resolution (s)

Dry logarithmic size-

resolved aerosol number

concentration (no)

Scanning Mobility Particle Sizer

(SMPS)

10% – 2.97 –

94.0 nm

45

Dry no Laser Aerosol Spectrometer

(TSI LAS–3340).

10% – 93.9 nm –

3.49 µm

1

Dry scattering coefficient at

450, 550, and 700 nm wave-

lengths.

Nephelometer at RH ≤ 60% (TSI–

3563)

10% 2 Mm−1 <1 µm∗ 1

Humidified scattering co-

efficient at 450, 550, and

700 nm wavelengths

Nephelometer at RH ≃ 85% (TSI–

3563)

10% 2 Mm−1 <1 µm∗ 1

Dry absorption coefficient

at 470, 532, and 660 nm

wavelengths

Tricolor Particle Soot Absorption

Photometer (PSAP)

7.5% 1 Mm−1 <5 µm 1

Relative humidity (RH) Diode Laser Hygrometer (DLH) 7.5% - - 0.05

Liquid water content

(LWC), cloud drop number

concentration (Nd), and

coarse ambient

Cloud Droplet Probe (Droplet

Measurement Technologies CDP)

10% - 2 – 50 µm 1

LWC, Nd, and coarse ambi-

ent

Cloud and Aerosol Spectrometer

(Droplet Measurement Technolo-

gies CAS)

10% - 0.5 – 50 µm 1

LWC, Nd, and coarse ambi-

ent

Fast Cloud Droplet Probe

(SPEC FCDP)

10% - 3 – 50 µm 1

∗ For ACTIVATE 2020, this was <5 µm. See Sect. 3.2 for details.

Mie theory due to the assumption of fine aerosol sphericity.

The preliminary step of this algorithm is to match all in-situ data to the lowest time resolution of the suite of instruments. In

the case of ACTIVATE, the SMPS has the lowest time resolution of 45 seconds. The 45-second resolution results in a spatial445

resolution of 8 km, which assumes a ground speed of 180 m s−1. As such, the external consistency analysis is most useful
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from vertical profiles where the in-situ platform samples the column of air above an arbitrary ground location. Vertical profiles

where the vertical extent is more than 1 km are most useful for comparing with the column-averaged aerosol properties derived

from the RSP-measurements. Further details on the Falcon’s vertical profile are discussed in Sect. 3.5.

450

The data merge is handled by the NASA Airborne Science Data for Atmospheric Composition online merge tool (see www-

air.larc.nasa.gov). Data in their native resolution are averaged to 45 seconds using the NASA merging tool. After this step,

the SMPS and LAS size distributions are combined (i.e., stitched) at a diameter of 94 nm, which is the upper bound of the

size-range by the SMPS and the lower bound of the LAS size-range. After the size distribution measurements are combined,

ISARA is used to determine the aerosol optical and microphysical properties relevant to this study.455

As discussed above, the size-range for the size-resolved number concentration measurements used in these retrievals is 0.003–

3.49 µm for ACTIVATE 2020 data, which is truncated to 0.003–2.25 µm for ACTIVATE 2021-2022. Figure 1 shows aerosol

number, volume, and surface area concentration as a function of dry particle diameter (Ddry) from all of the ACTIVATE 2020–

2022 data.460

The first main step of the ISARA retrieval is determining a bulk dry CRI since this is a critical parameter for Q and C as

mentioned previously. This step focuses on retrieving CRI from measurements of dry scattering and absorption coefficients and

size resolved number concentration in conjunction with Eq. 6. A set of scattering and absorption coefficients are calculated by

iterating Eq. 6 through dry RRI and IRI. The IRI is iterated from 0.00 to 0.08 in increments of 0.001, which is a range suited465

for typical aerosol in the ACTIVATE region. The RRI is iterated at 1.51, 1.52 1.53, 1.54, and 1.55 to capture small deviations

in RRI from the 1.53 assumed by the LAS calibration curve. Given that the scattering is dominated by aerosols in the LAS

size-range, we expect to get a good agreement between the ISARA-derived scattering coefficient and that measured by the

nephelometer. Note that this process uses the Dgm from each SMPS and LAS bin.

470

After the set of scattering and absorption coefficients are calculated, ISARA retrieves a final value of total dry CRI (CRI) by tak-

ing the average of all valid CRI values, which was shown to be effective for previous studies that this work expands upon (e.g.,

Sawamura et al., 2017). For a CRI to be valid for averaging, all three of the computed scattering coefficients must be within

20% of the corresponding measured dry scattering coefficient
(

|Cscat,calc−Cscat,meas|
Cscat,meas

< 0.2
)

and all three of the calculated

absorption coefficients must be within 1 Mm−1 of the measured absorption coefficients
(
|Cabs,calc −Cabs,meas|< 1Mm−1

)
.475

This method has been adapted from Sawamura et al. (2017) to include all three wavelengths. A summary of this retrieval step

is provided in Fig. 2.

A final check is performed to establish a successful CRI retrieval. Note that the successful retrieval rate (i.e., the success rate)

of ISARA is defined as the number of points where the required fitting thresholds are met divided by the number of data points480

with measurements required to perform the retrieval
(
success rate = number of successful retrievals

number of attempts

)
. Here we ensure CRI re-
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Figure 1. Heat map plot of logarithmic size-resolved aerosol (a) number concentration, (b) surface area concentration, and (c) volume

concentration versus dry particle diameter (D) measured from all ACTIVATE 2020–2022 data which is comprised of 34015 size distribution

measurements at 45 second resolution. The solid line represents the arithmetic mean of each bin, the bottom and top dashed lines represent

the 10th and 90th percentiles of each bin, respectively, and the color bar indicates density of points in a given area of the plot.

sults in scattering and absorption coefficients that meet the same thresholds of 20% and 1 Mm−1, respectively. Now that dry

CRI has been determined, it is then necessary to retrieve κ. Since the retrieval of κ relies on the same optics principles as the

previous step, an relies primarily on optimizing Eq. 6. In the previous stage, we directly optimize Eq. 6 by changing dry CRI,

but in this step we change the aerosol CRI indirectly based on the volumetric proportion of water present in solution.485

With the relationships established is Sect. 2, a set of wet scattering coefficients (i.e., wet Cscat) at 550 nm are calculated by

iterating through κ from 0.00 to 1.40 in increments of 0.001, also a range typical of ACTIVATE’s measured aerosol. After

calculating the set of forward-modeled wet Cscat, we use γ to derive the wet Cscat at RH = 80% (i.e., Cscat,RH=80). The

γ measurement is derived from the tandem nephelometers as detailed in Sect. 3.2. The Cscat,RH=80 is obtained by applying490

Eq. 15 with the cabin dried measured scattering coefficient at 550 nm (i.e., Cscat,RH≤60) with the measured cabin RH, and by

setting the specified RH to be 80%. The Cscat,RH=80 and Cscat,RH=0 are then used to derive hygroscopic amplification factor

(f(RH); Shingler et al., 2016) by rearranging Eq. 15 to be the following:
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Figure 2. Flow chart of the dry CRI retrieval procedure. Blue text represents measured values, black text represents calculated values, and

red text represents ISARA retrievals. The term Ccalc indicates calculated Cscat,dry and Cabs,dry while Cmeas indicates Cscat,RH=0 and

Cabs,RH≈0 from the nephelometer and PSAP instruments, respectively.

f(RH) =
Cscat,wet

Cscat,dry
≡ Cscat,RH=80

Cscat,RH=0
= exp

[
−γ ln

(
100%−RH80

100%

)]
(16)

After the step is performed, the smallest κ values are taken for computed wet Cscat that are within 1% of Cscat,RH=80495

(∆Cscat,wet < 1%). The smallest of these κ values is then taken to be the single effective κ (κ) for the fine aerosol. In this

step, a successful κ retrieval is where a κ was found with a corresponding ∆Cscat,wet < 1%. A summary of this retrieval pro-

cess is illustrated below (Fig. 3).

Once IRI and κ are determined, the final humidified fine scattering coefficient and f(RH) are calculated for validation. Cumu-500

lative probability distributions of ISARA-derived IRI, κ, and f(RH) are shown for all ACTIVATE data (Fig. 4). It is observed

that aerosol in the ACTIVATE region generally have low absorption (median IRI = 0.008) and low hygroscopicity (median κ

= 0.11).

The commonly observed low absorption is expected given the frequency of sulfate and secondary organic aerosol Nakayama505

et al. (2015). That being said, the observed IRI is between 0.01 and 0.08 in 32% of the data, which indicates the presence of

moderately absorbing aerosol species such as aged smoke and dust. The observed low hygroscopicity in many of the retrievals

also indicates organic aerosol species are present (Petters and Kreidenweis, 2007). Only 20% of the data had κ >0.2, which is

the upper limit of the range of κ for organic aerosol species (Massoli et al., 2010).

510
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Figure 3. Flow chart of the physical hygroscopicity parameter (κ) retrieval procedure. Blue text represents measured values, black text

represents synthetically generated values, and red text represents ISARA retrievals. Ccalc refers to the calculated scattering coefficient and

Cwet refers to the wet scattering coefficient derived from Eq. 15 and the dry scattering coefficient.

The frequency of low κ observed suggests that more work could be done to improve the single effective κ assumption made

during the retrieval process. The ACTIVATE instrument suite limits the sensitivity of the retrieved κ to favor aerosols with dry

D > 90 nm. Future work could explore using a bimodal hygroscopicity retrieval, which has been proven to be successful in

other work (e.g., van Diedenhoven et al., 2022). The ISARA framework and associated software package that are established

in this work can be utilized to perform such an analysis.515

Figure 4. Cumulative probability distribution plots of retrieved (a) IRI, (b) κ, and (c) f(RH) derived from ACTIVATE 2020–2022 data. The

intersection of the dashed magenta lines marks the medians of the data sets, which are 0.008, 0.11, and 1.34 for IRI, (b) κ, and (c) f(RH),

respectively.
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The ISARA-derived IRI and κ are used in conjunction with the measured ambient RH, dry size distribution data, and standard

temperature and conversion factor to calculate ambient scattering and absorption coefficients (Cscat,amb and Cabs,amb, respec-

tively) for the total (e.g., bulk) size-distribution (0.003≤ D ≤ 20 µm), as well as the ultrafine (3≤ D ≤ 100 nm), the fine (0.1≤
D ≤ 1 µm), the coarse (1≤ D ≤ 20 µm), and the optically active (0.1≤ D ≤ 20 µm) size-ranges. The first step of calculating520

the ambient aerosol properties is to convert the number concentrations from standard temperature and pressure to ambient

temperature and pressure using. After temperature and pressure adjustment, the hygroscopic adjustments are performed. The

ambient scattering and absorption coefficients are calculated using Eq. 6. Along with the ambient scattering and absorption

coefficients, several other ambient aerosol microphysical and optical properties examined in this study. The comprehensive

definitions and mathematical representations of each of those properties are presented in Sect. A. The list of statistical metrics525

discussed in this study is as follows:

1. mean (Z̄)

2. standard deviation (s)

3. weighted mean (Z̄weight)

4. weighted standard deviation (sweight)530

5. correlation coefficient (r)

6. probability of correlation (p)

7. bias

8. mean bias (MB)

9. standard deviation of bias (SB)535

10. relative bias (RB)

11. mean relative bias (MRB)

12. standard deviation of relative bias (SRB)

13. NRMSD

To perform the external consistency analysis outlined in Sect. 3.5, the coarse contribution to the in-situ-derived total extinction,540

N, and SSA is derived from the CAS size distribution with a priori assumptions on the composition and shape.

For this step, we categorized our comparisons based on the collocated LDR derived from the HSRL-2. For the points where

HSRL-2-derived 532 nm LDR < 0.08, we use a naive assumption that the coarse aerosols have dry microphysical and optical

21
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properties equivalent to humidified sea salt. The assumptions made for aerosol in these naive cases are as follows: 1) the refrac-545

tive index of coarse aerosols are set to that of water (CRI = 1.33+0i), 2) the aerosols are fully hydrated, so no hygroscopic

adjustment to the CRI is applied, and 3) the aerosols are spherical. For points where HSRL-2-derived 532 nm LDR > 0.08,

we tried spheres in addition to various spheroid eccentricities and a range of CRI to apply to the coarse aerosol in an attempt

to minimize differences between the HSRL-2- and ISARA-derived bulk optical properties. This step is discussed with more

detail in Sect. 3.5.550

In addition to the shape, CRI, and κ assumptions, we also assume the coarse size-range is truncated to diameters between 1

and 20 µm. As mentioned previously, if the CAS data are used as the source of the coarse aerosol size-distribution. If the CAS

data are not available for a flight, CDP data are used for coarse aerosol contribution. If both CAS and the CDP data are not

available, FCDP data are used. With the path from ACTIVATE data to ambient aerosol product described, we next discuss our555

process for generating a synthetic data set and estimating the error of ISARA-derived dry CRI and κ.

3.4 Synthetic Consistency Analysis Methodology

In this section, we describe both the process for generating synthetic aerosol property measurements and the steps taken to per-

form a consistency analysis on the synthetically generated aerosol properties and ISARA retrievals derived from that synthetic560

data. This section details the synthetic data generation and retrieval process, which involves: 1) creating synthetic ground-truth

intensive and extensive aerosol properties, 2) generating synthetic in-situ measurements from the ground truth properties with

appropriately assumed measurement noise, and 3) using these synthetic measurements in ISARA to retrieve IRI and κ. The

resulting optical and microphysical retrievals obtained from ISARA are detailed in Sect. 4.1.

565

The following discussion describes the process used to generate the synthetic ground-truth aerosol properties. The first step to

generating the synthetic aerosol measurements is to generate the ground truth size distributions. For this step, it is important to

generate realistic size distributions that might be observed when analyzing real-world data. To generate realistic size distribution

measurements, we used optimal estimation to fit the stitched ACTIVATE size distributions to a number-weighted lognormal

model with two modes (Vugrin et al., 2007). The bimodal lognormal size distribution model is expressed as follows:570

no(D) =
dN(D)

dlog10D
≡

2∑
j=1

[
Nm(j)√

2π log10 sg(j)
exp

(
− [log10D− log10Dgm(j)]

2

2log210 sg(j)

)]
, (17)

where Dgm, sg, and Nm represent the geometric mean diameter, geometric standard deviation, and integrated number concen-

tration for each mode (j). The Dgm is the diameter for which exactly half of the aerosol are smaller and half are larger. The sg

is the ratio of the diameter below which 84.1% of the aerosol lie to the Dgm.

575

The optimal values for Dgm, sg, and Nm for each mode are determined by minimizing the sum of the squared residuals be-

tween Eq. 17 and size distributions measured during ACTIVATE. This optimal estimation process is designed to provide the
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best fit to the original size distribution, but it can result in unrealistic fits for some conditions such as low total concentrations,

complicated aerosol size distributions, or measurement noise.

580

To omit poorly fitted size distributions from the subsequent synthetic data analysis, any fits are removed where correlation

coefficient (r; Eq. B5) is <0.99, where probability of correlation (p) is >10−4, and where integrated Cscat is <2 Mm−1. With

the set of fitted size distributions to choose from, the synthetic ground truth size distributions are randomly chosen and gener-

ated for the aerosol diameter range of 0.003–3.49 µm for each of the SMPS and LAS size bins to correspond with ACTIVATE

size distribution data. With the ground truth size distributions generated, we then randomly assign a CRI and κ to each of the585

ground truth size distributions.

Figure 5. One example of a size-distribution that meats the threshold to serve as a viable bimodal size-distribution for the synthetic data

generation. The fitted no (blue line) is compared to the measured no (red dots).

For CRI, dry RRI is set 1.53 and IRI is randomly chosen from a range of 0.001–0.080. A κ is randomly chosen from the range

of 0.00–1.40. Relative humidity for this analysis is held at 80% and the corresponding gf range is 1.00–1.77. As a final step to

generating ground truth aerosol properties, Eq. 6 is used in conjunction with the generated ground truth size distribution, CRI,590

and κ to calculate Cscat at wavelengths of 450, 550, and 700 nm, Cabs wavelengths of 470, 532, and 660 nm, and wet Cscat at

the 550 nm wavelength. Next, we discuss how these ground truth aerosol properties are processed into synthetic measurements

with appropriate measurement noise.

After generating the ground-truth intensive and extensive aerosol properties, synthetic in-situ measurements of dry are cre-595

ated by applying appropriate measurement noise to the ground-truth properties. Measurement noise bounded for each type of

measurements using the random (precision) and systematic (accuracy) measurement uncertainties from Table 2. These uncer-

tainties allow us to generate uniform measurement noise for the size distribution, the dry Cscat and Cabs, and the humidified

Cscat noise properties. The measurement noise is applied to the ground-truth properties independently using the following

23
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equation:600

measurement = Y [1+ randn (accuracy)]+ randn

(
precision
√
np

)
, (18)

where np is the SMPS resolution of 45 seconds and the Y is the synthesized value of the size resolved number concentration,

dry spectral absorption and scattering coefficients, and humidified scattering coefficients. The randn operator generates a ran-

dom number from a Gaussian probability distribution, which is centered around the expected value of 0 and has a standard

deviation that is given by the term in parenthesis. The precision uncertainty adjusted by dividing the uncertainties from Table 2605

by the square root of the number of samples made in 45 seconds (i.e., np = 45) to represent the increase in measurement

precision due to averaging. This adjustment in precision due to averaging is not applied to the synthetic SMPS data as its native

resolution is 45 seconds (i.e., np = 1). With the steps to achieve synthetic measurement generation explained, we can now

discuss how the synthetic measurements of aerosol properties were used to test ISARA and estimate the error of the CRI and

κ retrievals.610

Equation 18 allows for measurement noise to be added to each synthetically generated aerosol measurement. A total of 10000

synthetic aerosol distributions are generated with IRI, and κ. These parameters allow us to use the Mie scattering library to

calculate synthetic values of Cscat, Cabs (results shown in Sect. 4.1) However, note that 77 of the synthetically generated mea-

surements are removed due to the added noise that results in negative scattering, absorption, or no, which reduces the synthetic615

data set length to 9923. Once ISARA is used to retrieve CRI and κ from the synthetic data set, we can observe the forward

modeling error inherent in the ISARA-derived CRI and κ under idyllic conditions. These results are discussed in Sect 4.1.

3.5 External Consistency Analysis Process

The process of data collocation is a complex four-dimensional problem that can always add uncertainty when comparing two620

measurements of aerosol in the environment. Achieving perfect collocation can be difficult due to the transport paths of aerosol,

which is made even more challenging with airborne data sets. In an effort to minimize the consistency error related to poor

collocation, we use the platform collocation process that is explained in rigorous detail in Schlosser et al. (2024). We provide

a short summary of the collocation process in this section. Additionally, this section provides a summary of the methods used

to column-average the in-situ data for comparison with the RSP data, which is described with more detail in Schlosser et al.625

(2022).

The first step of the collocation process is to match the nearest HSRL-2 time stamp to each RSP scan. This is simply finding

which of the 60 s HSRL-2 profiles is closeset in time to a given RSP scan. Next, we identify viable cases for comparison that

have a substantial presence of fine aerosol and low expected error by comparing HSRL-2 and RSP aerosol optical depth (AOD)630

at 532 nm (Table 1). Specifically, the HSRL-2 data are removed where the column AOD is <0.08, which is the detection limit

for the HSRL-2. Additionally, the RSP data are removed where fine AOD is <0.1 and the normalized cost function of the

24
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RSP retrieval is >0.15. Additionally we filter out data points with high expected error by removing data where the RSP- and

HSRL-2-derived bulk AOD are in poor agreement. To limit the viable cases to ones where the RSP and HSRL-2 are in good

agreement, the difference in HSRL-2-derived and RSP-derived total AOD must be <50% of HSRL-2-derived AOD or <0.05,635

whichever is greater. With the remote sensing data collation process complete, we can collocate the remote sensing data to the

Falcon’s vertical profiles.

For this step, we use collocation data files described and produced in Schlosser et al. (2024) that provide a set of times and

distances to facilitate the spatiotemporal collocation filtering. For this work, we limit the collocation periods to those where the640

Falcon performed a controlled ascent or decent. These vertical profiles are identified using the leg identifier available as part

of the ACTIVATE data set (Sorooshian et al., 2023). The points of interest are classified as part of a Falcon spiral, ascent, or

decent vertical profile. During the ascent and decent profiles, the Falcon would limit its airspeed to 180 m s−1 while perform-

ing a vertical profile while continuing to move in one direction. During the spiral profiles, the Falcon would spiral around a

predetermined location while ascending or descending in addition to limiting its airspeed to 180 m s−1.645

Once the desired data from the vertical profiles are identified, we select the remote sensing profile that is the nearest (horizon-

tally) to a Falcon profile and is within 6 min of the start or stop time of the Falcon’s profile. Once a viable profile collocation

is identified, ISARA products are averaged to the 225 m HSRL-2 bins for the HSRL-2 comparisons or weighted by extinction

and averaged through the entire profile for RSP comparisons. For the case of the HSRL-2-ISARA comparisons, this averaging650

results in altitude-resolved properties for a given column of air. For the RSP-ISARA comparisons, this results in a column-

average property. Note that for AOD, the ISARA-derived ambient extinction is vertically integrated with sample altitude and

does not account for the altitude bins above or below the sample altitudes. This allows us to estimate the amount of the total

aerosol column that was sampled by the Falcon. As a final step of the external consistency analysis, we use information gained

from the collocated HSRL-2-derived LDR and LR to make some final adjustments to the assumptions made regarding the655

coarse aerosol shape, CRI, and κ.

Specifically, we categorize the points with LDR < 0.08 as spherical and do not alter the naive assumption made for the coarse

aerosol as described in Sect. 3.3. We categorize points where LDR > 0.08 and LR < 35 as oblate spheroids with an eccentricity

of 1.1, CRI = 1.52 + 10−8i, and κ = 1.2. Note that hygroscopic adjustment is only needed to dilute the CRI as the aerosol di-660

ameters measured by the optical probe are at ambient conditions. here LDR > 0.08 and LR > 35 as a distribution of spheroids,

CRI = 1.52 + 0.0043i, and κ = 0.1. The distribution of spheroids found to be best is the one suggested by Dubovik et al.

(2006). These two categories of assumptions were determined as possible appropriate properties based on our analysis of case

studies (Sect. 4.3.1). Given the available optical libraries within MOPSMAP, we found these categories improved our external

consistency statistics as was observed in Sections 4.3.1 and 4.3.665
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To provide aerosol source information for the discussion in Sect. 4.3.1, this study uses 96 hr isentropic back-trajectories from

NOAA’s Hybrid Single Particle Lagrangian Integrated Trajectory model (Stein et al., 2015). The input meteorological data

were obtained from the North American Mesoscale Forecast System (NAM) with a horizontal resolution of 12×12 km2 (Rolph

et al., 2017).670

4 Results and Discussion

4.1 Synthetic Consistency Results

Here we present a consistency analysis of ISARA-derived in-situ IRI and κ with synthetically-generated data. Before delving

into these comparisons, synthetically-generated size distribution data are shown to provide context on how synthetic IRI and675

κ differ from ISARA-derived ones (Fig. 6). The synthetic size distribution data are contained within the range of number,

surface, and volume concentrations observed during ACTIVATE (Fig. 1), but the synthetic data see fewer aerosol above 1 µm,

relative to the ACTIVATE data. Additionally, the synthetic data see higher concentrations in the 0.1–1 µm size-range. Despite

these differences, the synthetic data set has a reasonable variety in size distributions that is comparable to the ACTIVATE data

set.680

As mentioned in Sect. 3.4, theoretical size distributions are used to generate synthetic IRI and κ values. These synthetic values

are now compared to corresponding ISARA-derived data (Fig. 7). Note that all biases reported in this section are calculated

with the ground truth synthetically generated data as the reference (See Eqs. B6 and B7 in Sect. B). Of the 9923 synthetically

generated data points, 90.74% have successful retrieval of both IRI and κ. There are 2.60% lost between the IRI retrieval and685

the κ retrieval that corresponds to a success rate = 97.40%, which is close to the 95.84% success rate observed in the ACTI-

VATE retrieval of κ. It is observed that both IRI and κ comparisons show strong correlation coefficients of 0.99. Additionally,

the MRB near zero which is -3% for IRI and 3% for κ. The NRMSD for IRI and κ are 4%. Finally, the observed SRB for IRI

is 17% and for κ is 20%.

690

Based on the observed SRB, it is expected that the ISARA-derived IRI and κ each agree within 20% under ideal assumptions

of spherical shapes, a spectrally flat CRI, and a well-constrained RRI. Given the strong correlations and low biases, it is found

that error as a result of forward modeling for spherical aerosols with a constrained dry RRI (1.51 ≤ RRI ≤ 1.55) should not

have a significant impact on the retrieval of a single effective IRI and κ from the size distribution, scattering coefficient, and

absorption coefficient data measured during missions such as ACTIVATE.695

To demonstrate the functionality of this analysis, the synthetic data generation and retrieval processes were repeated with zero

measurement noise, which results in a rate of successful retrievals of 100%. Synthetic consistency analysis can be extended

further to include nonspherical aerosols, aerosols without a constrained RRI, and increasing the number of successful retrievals
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Figure 6. Logarithmic size-resolved aerosol (a) no, (b) so, and (c) vo versus dry particle diameter (Ddry) from the 9923 synthetic data points.

The bottom and top dashed lines represent the 10th and 90th percentiles of each bin, respectively, and the color bar indicates density of points

in a given area of the plot.

under higher noise and lower signal conditions (e.g., lower aerosol concentrations, weakly scattering or weakly absorbing700

aerosol).

4.2 Internal Consistency Results

As mentioned in the Introduction and Sect. 3, ISARA-calculated in-situ data are first compared with corresponding measure-

ments from ACTIVATE’s in-situ instruments to verify the robustness of the algorithm’s retrieval method. Note that all biases705

reported in this section are calculated with the measured in-situ data as the reference (See Eqs. B6 and B7 in Sect. B). First,

ISARA retrievals of dry scattering and absorption coefficients are verified against corresponding measurements from the neph-

elometer and PSAP described in Sect. 3.2 (Fig. 8). A total of 18042 in-situ data points met the following criteria: (1) cloud-free

conditions, (2) signal > 1 Mm−1 in all three dry scattering measurements, (3) signal > 0 Mm−1 in all three dry absorption

measurements, and (4) at least three non-zero measurements from both the SMPS and LAS instruments. Of these 18042 data710
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Figure 7. Heat map scatterplot of ISARA-retrieved versus synthetic (a) IRI (count = 9244, r = 0.99, MRB= -3%, SRB = 17%, and NRMSD

= 4%) and (b) κ (count = 9004, r = 0.99, MRB= 3%, SRB = 20%, and NRMSD = 4%). The dashed line represents the one-to-one line and

the color bar indicates density of points in a given area of the plot.

points, there are 11914 points that had the successful retrieval of CRI and 11418 had the successful retrieval of both CRI

and κ. The observed success rate for dry CRI alone is 66.03%, which is lower than the success rate of 90.74% observed for

the synthetic consistency analysis (Sect. 4.1). Compared to the synthetic data set, the relatively lower retrieval success rate

observed in the measured data set could be an indication that some of the measured data might be influenced by aerosols that

violate the sphericity or the spectrally flat CRI assumptions. The lower retrieval success rate could also be as a result of higher715

measurement noise than prescribed in the generation of the simulated data.

As mentioned in Sect. 3.2.2, we performed a sensitivity analysis to motivate our choice of using the bin with Dgm = 2 µm as

the upper limit to the aerosol size distributions measured during ACTIVATE 2021-2022. In this sensitivity analysis, we found

that the next two highest bins with Dgm = 1.59 and 1.26 µm, respectively, resulted in a decrease in the ISARA success rate of720

55% and 37%, respectively. There is also a decrease in the internal consistency as all measures of bias increase when a lower

diameter bin is used as the upper threshold of the aerosol size distribution. size distribution measurements such as differences
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between optical and mobility aerosol diameters, loss of small and larger aerosols through the sampling system, and instrument

counting efficiencies.

725

Figure 8. Heat map scatterplots of measured versus ISARA-derived in-situ values of dry scattering coefficient at (a) 450 nm (r = 0.99, MRB

= 4%, SRB = 8%, NRMSD = 1%), (b) 550 nm (r = 0.99, MRB = -1%, SRB = 9%, NRMSD = 1%), and (c) 700 nm (r = 0.99, MRB = 2%,

SRB = 11%, NRMSD = 1%). Also plotted are measured versus ISARA-derived in-situ values of dry absorption coefficient at (d) 470 nm (r

= 0.96, MB = -0.06 Mm−1, SB = 0.29 Mm−1, NRMSD = 3%), (e) 532 nm (r = 0.95, MB = -0.11 Mm−1, SB = 0.27 Mm−1, NRMSD = 3%),

and (f) 660 nm (r = 0.93, MB = -0.07 Mm−1, SB = 0.24 Mm−1, NRMSD = 4%). There are 11914 ISARA retrievals that resulted from the

ACTIVATE 2020–2022 data set. The dashed line represents the one-to-one line and the color bar indicates density of points in a given area

of the plot.
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It is observed that for all three wavelengths, the two sets of dry scattering coefficient measurements correlate nearly perfectly

(i.e., r = 0.99) and agree within 2% of each other in terms of NRMSD (see Figure 8). Across all three channels, the IS-

ARA-derived MRB is <5% compared the measured dry scattering coefficient. The best agreement in scattering coefficients

is observed at the 532 nm wavelength with MRB = -1%. Furthermore, the SRB ranges from 8 to 11%. Finally, the maxi-

mum observed relative bias in scattering coefficients is 22% in all channels. These findings demonstrate the fidelity of the730

ISARA-derived coefficients for the majority of retrievals, but there is still some cases where the observed relative bias could

be improved on.

Sources of this bias could be the assumption of a spectrally flat CRI and the assumption of a well constrained RRI of 1.53 ±
0.02. While the relative bias is important, to consider the bias scattering for all three channels have MB that range from -0.23735

to 0.80 Mm−1 and SB that range from 1.61 to 2.27 Mm−1. The low mean and spread in bias suggests that the ISARA-derived

dry coefficients are within the expected scattering measurement error (20%) and are less reliable at relatively low scattering

signal (i.e., signal < 5 Mm−1).

Dry absorption is also internally consistent as seen by strong r (0.96, 0.95, and 0.93) and NRMSD (3%, 3%, and 4%) values. As740

with the scattering coefficient comparisons, the MB between the ISARA- and PSAP-derived dry absorption are small relative

to the measurement uncertainty. The MB and SB range from -0.11 to -0.06 Mm−1 and from 0.24 to 0.29 Mm−1, respectively.

Similar to the dry scattering coefficients this indicates that the ISARA-derived absorption coefficients are within expected

measurement error (1 Mm−1) and less reliable when the absorption signal is <1 Mm−1. Overall, internal consistency of the dry

absorption coefficient is deemed successful, but it is important to keep these biases in the absorption and scattering coefficients745

in mind when calculating secondary optical properties that rely on it, such as Cext and SSA.

Now, ISARA retrievals of the wet scattering coefficient (Cscat) and f(RH) are evaluated to test how well the κ retrieval per-

forms before calculating final ambient aerosol properties (Fig. 9). Strong correlation coefficients (r = 1.00 and 0.85), strong

agreement (NRMSD = 0.2% and 6%), low systematic bias (MRB = 1% and 1%), and low variability in bias (SRB = 0.13% and750

9%) are seen between the two data sets. Due to the limitations of the aircraft instrument suite, the derived κ is not sensitive to

ultrafine aerosols. Future iterations of ISARA for different instrument suites can involve implementing multiple κ parameters

and having a non-soluble mode, which has been shown to be useful in other consistency studies (van Diedenhoven et al., 2022).

Based on the conditions detailed in Sect. B, wet Cscat and f(RH) at 550 nm are deemed internally consistent with the ISARA-755

derived values. The internal checks demonstrate that in a “perfect model” world the system works. In the next section we can

examine how consistent the ISARA-derived aerosol products are as compared to the under-determined environmental system

that relies on coordinated sampling by separate platforms and various retrieved ISARA and HSRL-2-products.
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Figure 9. Heat map scatterplot of measured versus ISARA-derived in-situ values for (a) wet scattering coefficient (Cscat) at 550 nm (r =

1.00, MRB = 1%, SRB = 0.1%, NRMSD = 0.2%) and (b) hygroscopic amplification factor (f(RH)) at 550 nm (r = 0.85, MRB = 2%, SRB

= 9%, NRMSD = 5%) from the 11914 successful ISARA retrievals that resulted from the 2020–2022 ACTIVATE data. The dashed line

represents the one-to-one line and the color bar indicates density of points in a given area of the plot.

4.3 External Consistency Results760

4.3.1 Case Studies

After performing the procedures detailed in Sect. 3, ISARA-derived in-situ measurements of aerosol properties can be com-

pared to the coincident HSRL-2 and RSP retrievals for 2020–2022 ACTIVATE data. There are a total of 49 vertical profiles

that are absent of clouds and meet the required collocation thresholds. Of the 49 vertical profiles, 10 of them have at least

3 points of comparison between the in-situ and HSRL-2 data that make these 10 profiles potentially useful for comparison765

with column averaged properties. The ancillary information, RSP-, HSRL-2-, and ISARA-derived AOD, as well as the r and

p resulting from the comparison of HSRL-2- and ISARA-derived Cext at 532 nm for these 10 cases are listed in Tables 3 and

4. Table 4 also shows the number concentration of aerosol with diameter greater than 5 µm (N>5µm), which is notably in the

measurement noise range for the CAS for many of the cases. Note that all biases reported in this section are calculated using
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the remote sensing data as the reference values (See Eqs. B6 and B7 in Sect. B). The thresholds used to define reasonable770

consistency are also discussed in Sect. B.

Table 3. Ancillary information for each of the 10 case studies. The case number, latitude and longitude of the center point of the Falcon’s

vertical profile (i.e., location), the start and stop times of the Falcon’s profile, the associated RSP sample time, the minimum and maximum

altitudes sampled by the Falcon (i.e., in-situ) aircraft, the horizontal separation between the center point of the Falcon’s profile and King

Air (i.e., platform separation), the number of smoke counts above 2.5 km identified by the HSRL-2 typing product, and the HSRL-2-derived

LDR. All dates and times are provided in coordinated universal time (UTC) and in the format “year-month-day” and “hour:minute:second”,

respectively.

Location Altitude (m) Platform Mean

Case Latitude (◦N), Start End RSP Separation Smoke HSRL-2

# Longitude (◦W) Date Time Time Time Min Max (m) Counts LDR

1 35.53, 75.22 2020-09-03 15:08:41 15:13:37 15:10:10 360 2460 12 0 0.05

2 36.92, 75.01 2021-03-04 17:59:53 18:05:45 18:03:16 458 1578 61 0 0.05

3 35.31, 74.95 2021-03-09 16:29:26 16:32:52 16:32:20 387 1380 121 0 0.16

4 35.60, 75.32 2021-03-12 17:45:09 17:50:21 17:45:38 413 1449 13685 0 0.15

5 35.12, 74.71 2021-03-12 19:57:40 20:01:06 19:59:56 415 1535 7 0 0.14

6 36.99, 75.52 2021-06-15 16:11:58 16:17:01 16:13:50 504 1268 1840 4 0.07

7 35.04, 72.29 2022-03-03 14:56:17 15:22:48 15:19:24 238 4499 1829 0 0.13

8 35.63, 70.21 2022-03-22 19:13:50 19:21:14 19:20:26 304 1683 82 0 0.14

9 34.68, 74.15 2022-05-20 14:29:36 14:34:41 14:30:22 435 1466 319 243 0.08

10 36.95, 75.43 2022-05-31 12:51:37 12:54:55 12:54:51 388 1256 893 0 0.10

The ancillary information (Table 3) includes the case number, the location, start, and stop times of the Falcon’s profiles. Ad-

ditionally, the associated RSP sample time is provided to get a sense of the temporal separation between the King Air and

Falcon’s sample times. The minimum and maximum altitudes sampled by the Falcon aircraft are shown to provide a measure

of the vertical extent of the Falcon’s profile. Also provided are the number of smoke counts above 2.5 km as identified by the775

HSRL-2, which is an indicator of high altitude smoke layers. The smoke counts above 2.5 km are taken to be the sum of all

the altitude bins above 2.5 km that are flagged as smoke from the HSRL-2 typing product (Burton et al., 2012). Finally, the

HSRL-2-derived mean LDR provides us with a measure of the amount of nonspherical aerosols in each profile.

A vertical profile labeled Case 7 (Research Flight 131 on 3 March 2022) is chosen from Table 3 to examine how well ambient780

in-situ aerosol optical and microphysical measurements produced by ISARA compare with analogous RSP retrievals, which

has not been shown in literature to date. On this day, a “unicorn” spiral was performed over the Atlantic ∼ 450 km east of the

coast of North Carolina. This vertical profile is exceptional for three primary reasons: 1) this profile has the most number of

viable comparisons between the HSRL-2- and ISARA-derived properties, 2) the 532 nm extinction derived from the HSRL-2
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Table 4. Aerosol optical depth data at 532 nm derived from RSP, HSRL-2, and ISARA for each of the 10 case studies. Also shown are the r

and p resulting from the comparison of HSRL-2- and ISARA-derived Cext at 532 nm, the number of comparisons (i.e., count), the minimum

and maximum ratio of coarse to bulk extinction, and the maximum observed number concentration of aerosol with diameter greater than

5 µm (N>5µm).

Case RSP AOD HSRL-2 In-situ Cext
coarse Cext
bulk Cext

Max N>5µm

# Bulk Fine Coarse AOD AOD r p Count Min Max (cm−3)

1 0.23 0.23 0.00 0.23 0.08 0.84 0.16 4 0.1 0.2 0.000

2 0.16 0.16 0.00 0.15 0.05 0.72 0.49 3 0.1 0.1 0.002

3 0.12 0.12 0.00 0.08 0.02 0.68 0.53 3 0.0 0.2 0.001

4 0.16 0.11 0.05 0.13 0.05 0.90 0.10 4 0.1 0.1 0.000

5 0.16 0.10 0.06 0.12 0.05 0.97 0.16 3 0.04 0.2 0.000

6 0.19 0.18 0.01 0.18 0.01 0.58 0.60 3 0.1 0.2 0.001

7 0.12 0.10 0.02 0.08 0.08 0.95 0.00 13 0.2 0.5 0.017

8 0.20 0.11 0.09 0.15 0.07 0.83 0.08 5 0.5 0.7 0.068

9 0.45 0.39 0.06 0.45 0.09 0.28 0.72 4 0.1 0.4 0.015

10 0.19 0.19 0.00 0.17 0.04 0.92 0.25 3 0.1 0.1 0.002

and ISARA have the highest correlation (r = 0.95) of any of the profiles and 3) this profile shows the best agreement between785

the ISARA-derived 532 nm AOD and the 532 nm AOD derived from both the RSP and the HSRL-2. Additionally, this case

allows us to examine consistency of the altitude-resolved properties for a case with a Falcon profile that extends more than 1 km.

The Case 7 unicorn spiral involved the Falcon aircraft performing a spiral ascent from an altitude of 238 m to an altitude of

4.5 km to fully vertically-sample a rich aerosol layer identified as having urban/pollution and dust species by the HSRL-2790

aerosol typing algorithm (Burton et al., 2012). The Falcon spiral began at 14:56 UTC and ended at 15:22 UTC, while the RSP

sample time was at 15:19 UTC. For this clear-sky aerosol scene over the ocean, the distance of the Falcon-in-situ spiral to the

closest valid RSP-King Air overpass is 1.8 km. No cloud contamination is identifiable in the HSRL-2, RSP, or camera images.

The four-day HYSPLIT back trajectories are run at the altitudes of 0.5, 1.5, and 3.0 km above sea level, at 16:00 UTC on 3795

March 2022, and at the location of the “unicorn” spiral (Fig. 11). These back trajectories use the meteorological data from

the North American Mesoscale Forecast System (NAM) 12× 12 km2 HYSPLIT meteorological data set. From these back tra-

jectories, it is evident that the air mass that was sampled during this case was outflow from North America. This information

indicates that the fine aerosols being sampled are likely anthropogenic and organic in origin that are often sulfate mixtures

with secondary organic aerosol species. This type of air mass is typical of what would be expected for this marine environment800

based on climatological evidence (Braun et al., 2021).
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Figure 10. (a) Top-down and (b) longitudinal views of the Falcon and King Air flight tracks from Research Flight 131. The location of the

“unicorn” spiral (Case 7) is bounded by the magenta box in panel (a) and by the vertical dashed lines in panel (b).

Figure 12 shows the profiles of altitude-resolved Cext, Cbsc, and LR in all three available wavelengths. Figure 12 also shows the

ratio of coarse to bulk extinction ( coarse Cext

bulk Cext
) at 532 nm. Figure 13 shows the HSRL-2+RSP and ISARA-derived N, HSRL-2-

and ISARA-derived spectral LDR, and the measured ambient RH. The remaining panels show the vertical profiles of ISARA-805

derived κ, RRI, IRI, fine SSA, total SSA, fine- and coarse reff , and fine- and coarse veff . These panels also illustrate how the

column-averaged properties derived from the RSP compare to the altitude-resolved data derived from the ISARA. The consis-

tency statistics resulting from the comparisons of the altitude-resolved aerosol properties are illustrated by Table 5.

Although some smoke aerosol could be present (Fig. 14), aerosol loading is low with an AOD of 0.08 (HSRL-2) and 0.12810

(RSP), and the HSRL-2 is not detecting smoke counts in the vertical profile shown (Table 3). Note that the vertical extent of

the Falcon’s profile is 4.26 km. It appears there are absorbing aerosol in the mixing layer, based on ISARA-derived ambient

IRI values near 0.02 (Fig. 13g) and lower SSA values near 0.91 (Fig. 13h). There is also an increasing fine reff and SSA seen

above 2 km (Fig. 13h and 13i).

815

There also appears to be two noticeable nonspherical coarse aerosol layers within the column as evident from the spikes in

LDR between 3 and 5 km. These two layers contribute between 20 and 50% of the ambient aerosol extinction. Additionally,

the HSRL-2-derived LDR are above the spherical threshold of 0.08 for the 2 km spanning these layers where LDR is reported.

The lower layer of coarse aerosol have LR ≈ 35 sr. The upper layer of coarse aerosol has LR ≈ 45 sr, is less depolarizing, and

appears to be more absorbing than the lower layer. These two layers are separated by a drop in RH at 1 km. Relative humidity820

decreases from ∼50% to ∼35% at 1 km. Our ability to classify aerosol species in these two layers is tenuous, so the definitive

identification of the specific aerosol species is outside the scope of this work. However, we can generally state that the aerosol

found in the lower layer has intensive properties that are most similar to those of sea salt aerosol, and the aerosol in the upper

layer has intensive properties that are most similar to dust or pollen based on the LR; however we cannot rule out a mixture of
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Figure 11. Four-day Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories end at the altitudes of 0.5, 1.5,

and 3 km above sea level, at 16:00 UTC on 3 March 2022, and at the location of the center point of the “unicorn” spiral (Case 7) from

Research Flight 131.

multiple coarse aerosol species mixed with urban outflow.825

It is also seen that ISARA-derived RH range is 40–55% that decreases to 10% at 4 km (Fig. 13d), which is not unexpected for a

marine environment far off-shore in the winter (Sorooshian et al., 2019). From the 1064 nm Cext and the 355, 532, and 1064 nm

Cbsc, it is possible that the near surface aerosol are likely different in size or concentration from the next highest data point

(0.3 km). There is no available comparison with the ISARA-derived properties as the Falcon did not sample that low in the830

atmosphere. This finding is particularity important to consider when examining the column-average properties derived from the

RSP. This near-surface elevated backscatter coefficient is likely due to sea salt near the ocean surface. This is also an important

finding because it indicates that lowering the minimum sample altitude within the marine environment could help resolve some

of the discrepancies seen in the statistical consistency analysis when comparing the altitude-resolved comparisons. Addition-
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Figure 12. Vertical profiles of HSRL-2-derived (circles) and ISARA-derived (triangles) ambient Cext at (a) 355 nm, (b) 532 nm, and (c) 1064

nm wavelengths, Cbsc at (d) 355 nm, (e) 532 nm, and (f) 1064 nm wavelengths, LR at (g) 355 nm and (h) 532 nm wavelengths, and (i) the
coarse Cext
bulk Cext

at 532 nm from Case 7 that occurred during Research Flight 131 on 3 March 2022. The error bars shown indicate the standard

deviation of a given aerosol property.

ally, it appears there may be the presence of an elevated aerosol layer with low concentrations at altitudes between 4 and 4.5 km.835

The consistency statistics resulting from the altitude-resolved data of Case 7 establish the effectiveness of ISARA to produce

aerosol properties that are consistent with the HSRL-2-derived properties for the predominant aerosol observed in the North

American outflow. With the exception of LDR at 1064 nm, the aerosol properties are well correlated. Aside from the 1064 nm

LDR, the lowest correlation observed is 532 nm LR (r = 0.77, p = 0.04). Additionally, the MB are centered on, or near, zero for840

all but LDR, which have MB ranging from 0.05 to 0.15 depending on the wavelength. The LR comparisons, where available,
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Figure 13. Vertical profiles of (a) RSP+HSRL-2-derived (red points) and ISARA-derived (black diamonds) N, (b) ISARA-derived optical

σext at 532 nm, (c) LDR derived from HSRL-2 (circles) and ISARA (triangles) at 355, 532, and 1064 nm (d) in-situ-measured ambient

RH, along with ISARA-derived (e) κ, ambient (f) RRI, (g) IRI, (h) fine (green diamonds) and bulk (black points) SSA, (i) fine effective

radius (reff ), (j) coarse reff , (i) fine effective variance (veff ), and (j) coarse veff from Case 7 that occurred during Research Flight 131 on 3

March 2022. The dashed magenta lines and shaded regions on panels (b) and (f)–(i) are the column-averaged properties and their associated

uncertainties derived from the RSP. Panel (h) has an additional green dashed line and shaded region that represents the fine SSA derived

from the RSP. The error bars shown indicate the standard deviation of a given aerosol property. Where available, the blue error bars indicate

the uncertainty of an aerosol property as given from the synthetic consistency analysis. The ISARA-, HSRL-2- and RSP-derived bulk AOD

are 0.08, 0.08 and 0.12, respectively.
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Figure 14. NASA Worldview satellite image of fire presence (red points) during Research Flight 131 (3 March 2022) Case 7 flight with

locations of LaRC and the Falcon flight spiral labeled. This image is used to identify sources of smoke on this day and comes from the VIIRS

Fire and Thermal Anomalies product available from the NOAA-20 satellite (Schroeder et al., 2014).

for this profile appear to be within the standard deviations of the HSRL-2-derived LR. All aerosol properties have NRMSD ≤
20% except for LDR, which ranges from 53 to 72%.

As indicated by the MB ranging from 0.5–0.15 and MRB ranging of 43–131%, the ISARA-derived LDR significantly underes-845

timates the LDR. Additionally, the 1064 nm LDR are not correlated even under these ideal circumstances. The ISARA-derived

LDR increase with increasing wavelength, which is the opposite of what is observed in the HSRL-2-derived LDR. That there is

a discrepancy for coarse mode aerosol properties is not unexpected given the in-situ under-sampling of coarse aerosol together

with the simplified assumption that the non-spherical coarse mode aerosol is a homogeneous spheroidal shape. However, we

find that the spheroidal shape leads to significantly improved comparisons against HSRL-2 when LDR ≥ 0.08 compared to850

treating the coarse mode as a hydrated sphere. These results suggest that to fully capture these features, more complex models

of coated spheroid, roughened spheroid, superspheroid, superellipsoid, or irregular aerosol shapes may be needed (Kahnert and

Kanngießer, 2024; Lin et al., 2018). Additionally, in-situ measurements of coarse and fine CRI and shape would help constrain

LDR.

Overall, these results demonstrate reasonable consistency between the HSRL-2- and ISARA-derived Cext, Cbsc, LR, and855

optical N, but ISARA cannot replicate the LDR features observed in the HSRL-2 data using a homogeneous spheroidal shape

to represent the coarse aerosol (Sect. 3.5). With these comparisons between the vertically resolved aerosol properties in mind,

we analyze the column-averaged properties derived from the RSP and compare them to the ISARA-derived column-averaged
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properties.

860

Table 5. Consistency statistics resulting from the comparisons of the altitude-resolved aerosol properties of spectral Cext, Cbsc, and LR, as

well as N. The consistency statistics shown correspond to the vertical profile from for Case 7 shown on Figures 12 and 13a.

Aerosol bias relative bias (%) NRMSD

Property λ (nm) MB SB MRB SRB (%) r p count

Cext (Mm−1)

355 4 6 5 34 7 0.99 0.00 14

532 0 6 -3 48 11 0.95 0.00 13

1064 -3 2 -38 23 14 0.99 0.00 14

Cbsc (Mm−1sr−1)

355 0.06 0.22 -14 40 10 0.99 0.00 14

532 -0.01 0.15 -24 40 8 0.99 0.00 14

1064 -0.13 0.07 -48 34 12 0.99 0.00 14

LDR

355 0.15 0.02 131 24 72 0.86 0.01 7

532 0.08 0.02 76 10 53 0.93 0.00 7

1064 0.05 0.01 43 13 70 0.38 0.41 7

LR (sr)
355 -2 5 -4 8 17 0.91 0.00 7

532 -2 8 -8 21 20 0.77 0.04 7

Optical N (cm−3) – -88 176 -12 37 13 0.96 0.00 13

To compare to the RSP data, the vertical profile of ISARA results are then averaged using Cext for weights to provide column-

averaged results (Table 6). The ISARA- and RSP-derived fine properties are within 2 sweight of their respective uncertainties

or standard deviations and are considered to be in good to moderate agreement this profile, which depends on the property. It

is observed that 532 and 1064 nm total SSA derived from the RSP are elevated relative to the ISARA-derived counterparts.

This discrepancy is possibly due to coarse sea salt that was not sampled by the Falcon, which is supported by the elevated near865

surface Cbsc.

Overall, in-situ and RSP derived products are in reasonable agreement under ideal conditions (Table 6). The only parameters

that deviates significantly from the RSP retrieval error (see Stamnes et al., 2018) are ISARA-derived fine reff and veff , which

deviate by more than 0.03 µm and 0.11, respectively. This disagreement can result from several possibilities. One possibility870

there are some fine aerosols that are not being sampled by the Falcon. While the profiles of Cext and Cbsc are in good agree-

ment, there appears to be a small spike in 532 nm Cext between 4 and 5 km that was not sampled and there would be some fine

aerosol missed below the lowest altitude sampled. Other possible sources leading to this discrepancy could be resulting from
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Table 6. Ambient optical and microphysical aerosol properties for case study 7 derived from the ISARA and the RSP. Ambient aerosol

properties compared include the column-averaged properties of RRI, IRI, fine- and coarse reff and veff , optical N and σext, as well as

spectral (355, 532, and 1064 nm) SSA for both the fine and the total aerosol. The ISARA-derived extinction weighted average properties are

shown with the weighted standard deviation and the RSP-derived properties are shown with the expected error from published sources where

the measurement uncertainty was not available. The RSP retrieved fine- and coarse AOD at 532 nm for this case is shown on Table 3.

Aerosol ISARA RSP

Property Z̄weight sweight column uncertainty

Fine reff (µm) 0.12 0.01 0.15 0.01

Fine veff 0.16 0.01 0.27 0.02

Coarse reff (µm) 2.45 0.39 2.61 0.28

Coarse veff 0.28 0.06 0.39 0.08

Fine RRI 1.52 0.01 1.49 0.01

Fine IRI 0.017 0.004 0.017 0.003

Optical σext at 532 nm (µm2) 0.04 0.01 0.04 0.001

Optical N (cm−3) 1172 412 1250 246∗∗

Fine SSA at 355 nm 0.91 0.02 0.91 0.02∗

Bulk SSA at 355 nm 0.91 0.02 0.94 0.04∗

Fine SSA at 532 nm 0.90 0.02 0.91 0.02∗

Bulk SSA at 532 nm 0.90 0.02 0.95 0.04∗

Fine SSA at 1064 nm 0.82 0.04 0.84 0.02∗

Bulk SSA at 1064 nm 0.90 0.03 0.97 0.04∗

∗ Stamnes et al. (2018)
∗∗ Schlosser et al. (2022)

the small differences in CRI or in the ISARA-derived .

875

While 532 and 1064 nm total SSA are within the expected retrieval error, the RSP consistently observes higher total SSA at

these wavelengths. This disagreement in total SSA is possibly due to the coarse sea salt aerosol being under-sampled by the

in-situ instruments if the majority of the sea salt aerosol is at a low altitude that is not reachable safely by the aircraft. Addition-

ally, this discrepancy could be in part due to the low counting efficiency of the CDP of aerosols larger than 5 µm in background

conditions, as the maximum observed N>5µm is 0.017 cm−3 in this case. Another challenge of this profile is that multiple880

layers of aerosol are present but the overall AOD is fairly low. Finally, there could be some collocation error as the collocated

RSP scan is 1.8 km from the center point of the Falcon’s spiral. Despite these sources of error, the majority of the ISARA- and

RSP-derived properties are considered consistent based on the metrics outlined in Sect. B. To contrast to the “unicorn” Case 7,
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we examine Case 9 that serves as a worst case for the consistency analysis.

885

Case 9 is a distinct contrast to Case 7 for several reasons. Case 9 is an in-line ascent profile that is carried out during Research

Flight 158 on 20 May, 2022, which is well after any cloud winter like conditions. The ascent is performed over the Atlantic

that is ∼ 2◦ east and ∼ 0.3◦ south of Case 7 and extends from 0.44 to 1.46 km (see Table 3 and Fig. S1). From a meteorological

and transport standpoint, the aerosol seem to be outflow that has traveled a much shorter distance, relative to Case 7, but did

pass over several potential sources of smoke aerosol (see Figs. S3 and S2). From Fig. S2, we can see possible evidence of some890

cloud and haze in the study region. From a consistency standpoint, we do not expect there to be good agreement between the

RSP- and ISARA-derived aerosol properties for Case 9.

The expected disagreement stems from the following two findings: 1) the elevated smoke layer(s) identified by the 243 points

flagged as smoke above an altitude of 2.5 km by the HSRL-2 typing product and 2) the large majority of the bulk AOD was not895

sampled by the Falcon. From the HSRL-2-derived Cext and LR, we can see possible evidence of aerosol layers between the

altitudes ranges of 0–0.5 km, 1.5–2 km, 3–4 km, and 5–6 km. The latter of the two findings is evident from both the profile’s

limited vertical extent of 1.02 km and in Table 4, which shows that the ISARA-derived AOD is only 20% of the RSP- and

HSRL-2-derived AOD for this profile. Additionally, Case 9 has an even more morphologically dynamic aerosol. The HSRL-2-

derived LDR range from ∼ 0 to > 0.2, which generally increases with altitude. With those known complications in mind, we900

can examine the consistency between the ISARA-derived aerosol properties and those derived from the HSRL-2 and RSP in a

worst case scenario.

Despite the challenges associated case, Figure S4 and Table S1 show reasonable consistency between a few of the ISARA-

and HSRL-2-derived aerosol properties. Most notably 1064 nm Cext and Cbsc are well correlated with r = 0.98 and 0.94,905

respectively, and had a low NRMSD of 20% and 30%, respectively. Further, the 532 nm LR is moderately correlated without

statistical significance (r = 0.84 and p = 0.16) with a low bias (MB = 3 sr) and narrow deviation in bias (SB = 7 sr).

Because there are no viable comparisons where HSRL-2-derived 532 nm LDR > 0.08, the ISARA-derived LDR are not con-

sistent art all. The HSRL-2-RSP-derived N is also not correlated with a large MB > 500 cm−3, which is again expected as the910

assumptions made in that optical N product are violated in this case. Most notably, the presence of multiple distinct aerosol

layers within the column violates the uniform distribution of fine σext assumption that is made in the derivation of the optical

N product.

As has been foreshadowed, there is a general lack of consistency between the column-averaged aerosol properties derived915

from ISARA and the RSP. The RSP-derived fine aerosol properties appear to be strongly scattering and absorbing with a

CRI = 1.60+0.018i, which is in stark contrast to the ISARA-derived CRI (RRI = 1.49+0.002i), which suggests a weakly

absorbing aerosol species. This difference is evident by comparing the fine SSA. The ISARA-derived SSA is near 1 (SSA ∼

41
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1) in all three wavelengths, but the RSP-derived SSA are ≤0.92.

920

In Case 9, the only column-averaged properties that can be considered consistent are the fine reff and coarse veff . Bulk SSA is

also within the expected error of the RSP retrievals, but it still seems evident the ISARA-derived bulk SSA are higher, relative

to the RSP. With these two cases to observe the best and worst case scenarios for external consistency analyses, the final section

of the results will be focused on analyzing the consistency between the ISARA- and HSRL-2-derived properties available from

all viable data identified during the collocation process.925

4.3.2 Generalized Study

In this section we focus our analysis on the data from the 10 vertical profiles of altitude-resolved ambient Cext, Cbsc, LDR,

LR and N that had more than 3 points of comparison. For this section we have applied the a priori assumption to the coarse

aerosol as described in Sections 3.5 and 4.3. Additionally, we compare the consistency results from this subset of 10 profiles to930

the entire set of 49 profiles. For the subset of 10 profiles, the Cext and Cbsc are available for 39–46 points of comparison, the

LDR are available for 28–35 points of comparison, and the LR are available for 32–39 points of comparisons (Table 7). For the

full set of profiles, the Cext and Cbsc are available for 39–46 points of comparison, the LDR are available for 28–35 points of

comparison, and the LR are available for 32–39 points of comparisons (Table 7). First, we present the results of the HSRL-2

and in-situ Cext, Cbsc, and LR consistency analysis, which is followed by a discussion of the LDR and N consistency analysis935

(Fig. 15 and Table 7).

The HSRL-2- and ISARA-derived ambient Cext have moderate to good, statistically significant, correlation with a r of 0.92,

0.86, and 0.69 for the 355, 532, and 1064 nm wavelengths, respectively. The p for the ambient Cext data are also much less that

1 (i.e., p < 10−4) in all three wavelengths. The Cext also agree moderately well. The MB an MRB have a range of -2–25 Mm−1940

and -11–28%, respectively, which depends on wavelength. There is also a reasonable spread in bias as the SB observed in

all three wavelengths that have a range of 9–28 Mm−1. Additionally The range is 15–19%, with the lowest observed in the

532 nm wavelength. These MRB indicate that the in-situ data data is biased low from the HSRL-2, showing that the in-situ

instruments retrieve lower values of Cext than the HSRL-2 throughout the ACTIVATE campaign. This low bias result is also

seen in Sawamura et al. (2017), which are MRB = 31% and 53% for California and Texas, respectively. The SRB for those945

cases are 5% and 11%, respectively. Compared to that work, we demonstrate marked improvement in our observed Cext con-

sistencies.

The consistency statistics between HSRL-2- and ISARA-derived ambient Cbsc also have moderate to good correlation with

statistical significance with a r range of 0.86–0.91. The Cbsc MRB are 13, 5, and -33% for the 355, 532, and 1064 nm wave-950

lengths, respectively. The MB are 0.4, 0.2, and -0.17 Mm−1sr−1 for the 355, 532, and 1064 nm wavelengths, respectively.

Finally, the NRMSD range is 13–18%, which is lowest in the 532 nm channel. From these statistics, we can observe that Cbsc
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Figure 15. Scatterplots of the following altitude-resolved aerosol properties: (a) 355 nm extinction coefficient (Cext), (b) 532 nm Cext, (c)

1064 nm Cext, (d) 355 nm backscatter coefficient (Cbsc), (e) 532 nm Cbsc, (f) 1064 nm Cbsc, (g) 355 nm lidar ratio (LR), (h) 532 nm LR, (i)

N, using 2020–2022 ACTIVATE data. The blue points are data from vertical profiles that contained 3 or more points, the red points are data

from all vertical profiles, and the dashed line represents the one-to-one line. The error bars shown indicate the standard deviation of a given

aerosol property. The consistency statistics for these data are shown in Table 7 for profiles with 3 or more data points and in Table S3 for data

from all profiles.

is constrained within 1 Mm−1sr−1 in all three wavelengths, but the fidelity does decrease for the 1064 nm channel. As men-

tioned before, the 1064 nm channel is a retrieved product and as such this decrease in fidelity is not necessarily reflective of

reality.955

43

Image Inserted�
Image
 

Text Inserted�
Text
"Figure 15. Scatterplots of the following altitude-resolved aerosol properties: (a) 355 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"extinction coefficient (C ext ), (b) 532 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"C ext , (c) 1064 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"C ext , (d) 355 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"backscatter coefficient (C bsc ), (e) 532 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"C bsc , (f) 1064 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"C bsc , (g) 355 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"lidar ratio (LR), (h) 532 nm"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"LR, (i)"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"N, using 2020–2022"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"ACTIVATE data. The blue points are data from vertical profiles that contained 3 or more points, the red points are data from all vertical profiles, and the dashed line represents the one-to-one line. The error bars shown indicate the standard deviation of a given aerosol property. The consistency statistics for these data are shown in Table"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"7 for profiles with 3 or more data points and in Table"

Annotation Inserted�
Annotation
 

Text Inserted�
Text
"S3 for data from all profiles. is constrained within 1 Mm −1 sr −1 in all three wavelengths, but the fidelity does decrease for the 1064 nm channel. As men tioned before, the 1064 nm channel is a retrieved product and as such this decrease in fidelity is not necessarily reflective of 955 reality."

Text Inserted�
Text
"43"



Table 7. Consistency statistics resulting from the comparisons of the altitude-resolved aerosol properties of spectral Cext, Cbsc, and LR, as

well as N. The consistency statistics shown correspond to the blue points from the scatterplots shown on Fig. 15.

Aerosol bias relative bias (%) NRMSD

Property λ (nm) MB SB MRB SRB (%) r p count

Cext (Mm−1)

355 25 28 28 34 16 0.92 0.00 39

532 12 16 22 43 15 0.86 0.00 45

1064 -2 9 -11 47 19 0.69 0.00 46

Cbsc (Mm−1sr−1)

355 0.4 0.7 13 44 18 0.89 0.00 39

532 0.2 0.4 5 41 13 0.91 0.00 46

1064 -0.17 0.29 -33 44 14 0.86 0.00 46

LDR

355 0.08 0.04 162 54 41 0.74 0.00 28

532 0.06 0.03 152 74 35 0.69 0.00 35

1064 0.07 0.07 129 93 36 0.39 0.03 30

LR (sr)
355 7 15 8 29 21 0.61 0.00 32

532 7 17 9 36 23 0.50 0.00 39

Optical N (cm−3) – 64 574 -3 58 21 0.46 0.00 45

The consistency statistics between HSRL-2- and ISARA-derived ambient LR and LDR are generally worse, relative to Cext

and Cext, but the correlations are all statistically significant. The ISARA-derived LR have a MB of 7 sr and a MRB range of

8–9% despite having r range of 0.50–0.61. The bias statistics indicate that this low correlation does not necessarily imply a lack

of agreement. The standard deviations in LR often encompass the 1-to-1 line and many of the comparisons lie near the 1-to-1960

line. The NRMSD resulting from the LR comparisons are 21 and 23% for the 355 and 532 nm wavelengths, respectively. The

standard deviations in LR are similar to what is observed in the Cext and Cbsc comparisons ranging from 29 to 36%. While

LR is not as well constrained as Cext and Cbsc, these comparisons show that ISARA-derived LR is within expected error ranges.

It is observed that there is a systematic underestimation between ISARA- and HSRL-2-derived 355 and 532 nm Cext and Cbsc;965

however, this is more important at lower signals (Cext<50 Mm−1 and Cbsc<1 Mm−1sr−1). This discrepancy with the remote

sensing retrievals is possibly due to difficulties in data coincidence, due to loss of aerosols from the diameter cutoff of the inlet

and through the in-situ sampling pathways as discussed in the Introduction and undersampling of the coarse aerosol, or due

morphologic and composition complexities. Although in-situ values are lower than the HSRL-2 ones, reasonable agreement is

evident by the MB ranges. These results indicate that further work is needed to fully close HSRL-2- and in-situ-derived LR,970

but the method does result in ambient extinction and backscatter comparisons that meet the benchmarks set by previous works

(e.g., Sawamura et al., 2017). By using ACTIVATE data for this analysis, the extinction and backscatter products do work as
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expected even in conditions where nonspherical coarse aerosol species are impacting the aerosol extinction. Future work can

investigate improved methods for measuring coarse aerosol properties from in-situ aircraft. When analyzing the LR consis-

tency, we see more evidence that there is more improvements needed to the morphological assumptions made as part of ISARA.975

As discussed previously, the ISARA-derived LDR is derived exclusively from the three possible assumptions made for the

coarse aerosol properties. Additionally, it is also important to keep in mind that the fine aerosol are always assumed to be

spherical. The ISARA- and HSRL-2-derived LDR are correlated with statistical significance in all three wavelengths, but the

r range is 0.39–0.74 that decreasing with increasing wavelength. Additionally, the MRB, SRB, and ranges are 129–162%,980

54-93%, and 35–41%, respectively. These ranges are the highest if any of the comparisons within this data set. The general

poor correlation and wide range in bias further suggest that the shape assumptions made are too limited to fully capture the

features observed in HSRL-2 data. Next, jointly-retrieved HSRL-2+RSP- and ISARA-derived N are compared.

The N comparisons result in a statistically significant r = 0.46, MRB = -3%, SRB = 58%, MB = 64 cm−3, SB = 574 cm−3, and985

NRMSD of 21%. These results have a relative bias that are often within 20%. Other than this lower bias, agreement in terms

of NRMSD is comparable to the Cext results. Similar to Cext and LR, the standard deviations in the HSRL-2+RSP-derived

N often encompass the 1-to-1 line. Overall, the N comparisons are considered to be closed relatively successfully when com-

pared to results of Schlosser et al. (2022)’s evaluation of HSRL-2+RSP-derived N using N derived from ISARA. While the

correlation for altitude-resolved N comparisons is weak compared to altitude-resolved NLAS (0.76 in Schlosser et al. (2022)),990

the r values from a profile that had a statistically significant correlations for 532 nm extinction (p < 0.05) is 0.95 for Case 7

(see Table 3). Case 7 is also the only profile with more than 5 points for comparison and the conditions observed during this

case study are such that it is investigated more in Sect. 4.3.1.

To further explore how the external consistency analyses are impacted by the number of points in a given profile, we have995

included the consistency statistics from all 49 profiles on Table S3 and show the points from the entire dataset as the red points

on Fig. 15. Despite having more than having twice the number of viable points of comparison for the unfiltered data set, we

observe a decrease in the correlation coefficients for all compared aerosol properties. Additionally, the SRB are lower for all

properties except for LDR, which are between 8 and 13% higher in all three wavelengths. This general decrease in consistency

when including profiles with less than three points, suggest that good coordination and ideal sampling procedures are important1000

to achieve full consistency. With this finding, we summarize our conclusions in the following section.

5 Conclusions

This study introduces the ISARA, a retrieval framework developed to enable apples-to-apples comparison of ambient aerosol

optical and microphysical properties in order to assess the physical consistency between field campaign remote sensing data sets

and corresponding in-situ measurements, with the broader goal of advancing rigorous external closure across field campaign1005
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aerosol measurement platforms. Because remote sensing instruments retrieve aerosol properties under ambient conditions, di-

rect one-to-one comparison requires that dry in-situ measurements be converted to their ambient equivalents. ISARA performs

this conversion by retrieving CRI and κ from a standard suite of in-situ measurements. In addition to accounting for the hy-

groscopic growth of fine aerosol, we account for the contribution of nonspherical coarse aerosol to bulk aerosol properties to

enable a more accurate comparison with ambient remote sensing retrievals, which supports the rigorous physical consistency1010

evaluation of field campaign aerosol data, as demonstrated in prior studies (Tsekeri et al., 2017). The thresholds used to define

reasonable physical consistency are discussed in Sect. B.

To evaluate the ability of ISARA to perform systematic physical consistency analysis, the algorithm is used on data from the

ACTIVATE mission, which is chosen due to the campaign’s large volume of statistically-rich aerosol measurements collected1015

over three years of operations. Although the ACTIVATE region features a variety of aerosol and meteorological conditions,

many of the ACTIVATE missions were carried out under cloud-free conditions without detectable influence from dust or

smoke, making the data set well-suited for the consistency analysis performed in this study. Systematic physical consistency

in this study is established using a three-fold effort: 1) synthetic consistency, where ambient in-situ data calculated from the-

oretical size distribution and composition data are compared to ISARA-derived in-situ values, 2) internal consistency, which1020

compares ISARA-retrieved ambient in-situ measurements with corresponding data from ACTIVATE’s in-situ instruments, and

3) external consistency, where ISARA-derived in-situ measurements are used to evaluate corresponding remote sensing re-

trievals from ACTIVATE’s Second Generation High Spectral Resolution Lidar (HSRL-2) and Research Scanning Polarimeter

(RSP) instruments.

1025

This study demonstrates the moderately successful retrieval of ambient aerosol properties from in-situ data in all three consis-

tency analyses. The synthetic consistency analysis process developed for this work is demonstrated to be valuable in under-

standing the inherent retrieval uncertainty of the measurements of the standard in-situ payload used by the ISARA algorithm.

In the synthetic consistency analysis, we estimate that the retrieved values of CRI and κ for spherical aerosols with expected

measurement noise are both found to have an uncertainty of (i.e., ) of ∼20%. The incorporation of in-situ measurements at1030

additional wavelengths as well as by instruments such as the Differential Aerosol Sizing and Hygroscopicity Spectrometer

Probe (DASH-SP), PI-neph, and LI-neph, which can retrieve the real refractive index of the aerosol, are expected to improve

the retrieval products and reduce the uncertainties of ISARA.

The internal consistency analysis provides a functionality and fidelity check for the ISARA-derived aerosol properties by1035

comparing them to the original measured data. The internal consistency analysis presented in this work shows near-perfect

correlations (r ≥ 0.96), strong agreement (NRMSD = 1%), and generally low bias (absolute MRB < 10%) between ISARA-

calculated and measured in-situ data for the dry scattering coefficient, dry absorption coefficient, and wet scattering coefficient.

The f(RH) have a good correlation (r = 0.85), and the MRB and NRMSD are 2% and 5%, respectively. With the general func-

tionality of ISARA established, we present the external consistency results using a different instrument platform where data1040
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collocation becomes another important factor.

For the external consistency analysis, we examine comparisons between ambient aerosol properties derived from ISARA and

those derived from the HSRL-2 (altitude-resolved properties) and RSP (column-averaged properties). For the first part of this

analysis, we show the comparisons of two selected case studies. The first case served as a best case for external consistency1045

with a large vertical extent and a limited number of aerosol layers above the Falcon’s vertical profile. This case allowed us to

better approximate the coarse aerosol properties. After defining two layers with coarse aerosols, we show reasonable consis-

tency between all observed HSRL-2 aerosol observables including the extinction and scattering coefficients and the aerosol

lidar ratio, with LDR being the only exception. We also show reasonable consistent with the the novel vertically-resolved

HSRL-2+RSP-derived optical N Schlosser et al. (2022). We also show reasonable consistency with the bulk, fine, and coarse1050

column-averaged aerosol properties derived from the RSP and ISARA. The polarimeter comparisons made in this work repre-

sent the first time these types of comparisons have been reported.

For this case study, external consistency between column-averaged RSP-derived fine reff , CRI, and SSA under ideal conditions

is deemed successful. The RSP-derived ambient N and fine IRI, RRI, spectral SSA, reff , and N are all shown to be within1055

expected error as compared to collocated in-situ data. These results demonstrate that external closure of RSP-derived aerosol

properties is achievable, motivating future applications across a broader range of aerosol regimes and future field campaigns.

However, it is important to note that the assumptions of perfectly ultrafine and fine spherical aerosols, of a single κ for all ul-

trafine and fine aerosols, and of a spectrally flat CRI can still introduce limitations in the current version of ISARA’s retrievals

since aerosols from species such as sea salt, smoke, and dust can be nonspherical, can have an inhomogeneous composition,1060

and can have a wavelength-dependent CRI. The second case study served as a worst case for the external consistency. For this

case a large portion of the aerosol are located above the Falcon’s profile. Additionally, there appears to be at least 3 layers of

distinct aerosol types.

For this highly challenging case, the majority of the ISARA-derived column-averaged properties are shown to be inconsistent1065

with the RSP data. Despite the general disagreement between the column-averaged properties, there is reasonable consistency

between the ISARA- and HSRL-2-derived Cext, Cbsc, and LR at 532 nm. After examining the consistency of the aerosol prop-

erties in these case studies, we conduct a generalized study using the coarse aerosol categories defined as part of the case study

analysis.

1070

After filtering for profiles with more than 3 viable points of comparisons, we show there is reasonable consistency when

comparing the HSRL-2-derived extinction coefficient (Cext) to the corresponding ISARA-derived measurement, which are

moderately correlated (r range of 0.69–0.92). The aerosol properties are well correlated at 355 and 532 nm, and the correlation

appears to increase with decreasing wavelength. Additionally, the in-situ-derived extinction coefficient in the 355 and 532 nm

channels appears to be low (MRB range from 22 to 28%) compared to the corresponding HSRL-2 measurement. This bias is1075
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possibly due to under-sampling of coarse aerosol species within the in-situ measurements or due to the limited morphological

assumptions made as part of ISARA and as part of the coarse aerosol assumptions.

Relative to Cext, we demonstrate as good consistency between ISARA- and HSRL-2-derived Cbsc. The correlations observed

in the Cbsc comparisons are all above 0.86 and the best agreement appears to be in the 532 nm channel with a r = 0.91. The1080

NRMSD in this channel is also 13% lower, relative to Cext at 532 nm. After demonstrating the independent consistency of

Cbsc and Cext, we examined the consistency of LR and LDR which are inherently dependent on the morphological aerosol

properties.

The LR at both 355 and 532 nm appear to have statistically significant correlations with r = 0.61 and 0.50 at 355 and 532 nm.1085

While the correlations are fairly weak, the MRB, SRB, and NRMSD are similar in magnitude to the Cext and Cbsc comparisons.

The LDR have slightly better correlations in the two channels that LR is reported that are 0.74 and 0.69 in the 355 and 532 nm

channels, respectively. The LDR have the largest observed MRB, SRB, and NRMSD. The results from analysis of LDR and

LR consistency demonstrate more work is needed to model the coarse aerosol composition and shape in a physically consistent

manner. Finally, we look at the altitude-resolved joint HSRL-2-RSP N product, which has both the errors implicit in the1090

HSRL-2 and RSP data but also the errors from the assumptions made in deriving that product.

When analyzing the altitude-resolved N product we observe a weaker statistical correlation in the data for profiles with multiple

viable points in each profile relative to what was observed in Schlosser et al. (2022) for all profiles. But the MB and MRB

are small, and under ideal conditions we show excellent agreement between the N derived from the HSRL-2-RSP and the

N derived from ISARA. This finding indicates that significant deviations from the assumptions made in the derivation of the1095

HSRL-2-RSP N can result in poor fidelity.

Although there are limitations and implicit errors in the ISARA retrievals, as discussed above, the results presented in this study

demonstrate that these products are nonetheless valuable to evaluate the consistency of remote sensing measurements and to

support progress toward systematic external closure. The retrieved values of CRI and κ are also important for aerosol and1100

Earth system modeling applications, further extending the utility of this framework. In addition, the retrieval approach is both

replicable and readily expandable. Although beyond the scope of this study, ISARA can be adapted for extended analyses that

incorporate nonspherical fine aerosols, alternative coarse representations of shape and composition, and consider non-soluble

components of the aerosol distribution. Taken together, these findings and capabilities suggest that the framework developed

here can be applied beyond the ACTIVATE field campaign to advance efforts toward the comprehensive closure of aerosol1105

optical and microphysical properties in future airborne field campaigns.

Code availability. The ISARA codebase is written in open source Python and can be found at https://github.com/sdmitrovic/ISARA_code.

The ISARA codebase uses the Fortran-based Modeled Optical Properties of Ensembles of Aerosol Particles (MOPSMAP) to calculate aerosol
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properties from in-situ measurements (Gasteiger and Wiegner, 2018). A dedicated website for ISARA has been created, where instructions

on how to download and use this code are found. The website is located at https://sdmitrovic.github.io/ISARA_code/.1110

Data availability. Source ACTIVATE airborne data are available with the ISARA-derived ambient aerosol properties through https://asdc.

larc.nasa.gov/project/ACTIVATE (ACTIVATE Science Team, 2020)

Appendix A: Equations describing ambient aerosol properties

In this section we define the equations for the additional ambient properties analyzed in the external consistency analysis. The

ambient aerosol properties of interest are defined as follows (Note that the following equations are at ambient conditions):1115

number concentration = N =

log10Dmax∫
log10Dmin

nodlog10D (A1)

surface area concentration = S =

log10Dmax∫
log10Dmin

sodlog10D (A2)

volume concentration = V =

log10Dmax∫
log10Dmin

vodlog10D (A3)

effective radius = reff =
V

S
(A4)

effective variance = veff =

∫ log10Dmax

log10Dmin

[
(0.5D− reff)

2ao
]
dlog10D

reff2
∫ log10Dmax

log10Dmin
aodlog10D

(A5)1120

extinction coefficient = Cext(λ) = Cscat(λ)+Cabs(λ) (A6)

single scattering albedo = SSA(λ) =
Cscat(λ)

Cext(λ)
(A7)

backscatter coefficient = Cbsc(λ) = Cscat(λ)a1(180
◦), (A8)
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where a1(180
◦) is the phase function at 180◦ scattering.

1125

lidar ratio = LR(λ) =
Cext(λ)

Cbsc(λ)
(A9)

linear depolarization ratio = LDR(λ) =
a1(180

◦)− a2(180
◦)

a1(180◦)+ a2(180◦)
(A10)

Note that calculation of ambient N is restricted to the optically active aerosol size-range (i.e., the portion of the distribution that

significantly contributes to optical scattering and absorption (Schlosser et al., 2022)). Subsequent to the limitation of ambient

N, we calculate aerosol extinction cross-section (σext) using the following relationship:1130

extinction cross section = σext(λ) =
bulk Cext(λ)

optical N
, (A11)

where total Cext is the extinction coefficient for the total size-distribution and optical N is the number concentration for the

optically-active aerosol size-range.

Appendix B: Statistical Analysis Metrics1135

This section aims to define the statistical metrics used within this study. This also includes the specific metrics used to quantify

how well ISARA-derived in-situ data close (i.e., agree) with internal, synthetic, and external consistency data sets. The mean

(Z̄) of a set of data is given by:

Z̄ =

∑np

j=1Z(j)

np
, (B1)

where Z(j) is an independent data point in the set Z and np is the total number of data points, respectively. The standard1140

deviation (s) of a set of data is given by:

s=

√∑np

j=1[Z(j)− Z̄]2

np − 1
. (B2)

In some cases, we use the weighted mean for a set of data, which is defined as:

Z̄weight =

∑np

j=1weight(j)Z(j)∑np

j=1weight(j)
, (B3)

where weight(j) is the weight associated with a given data point. Following the definition of the weighted mean, we define the1145

weighted standard deviation (sweight) of a set of data as:

sweight =

√∑np

j=1weight(j)[Z(j)− Z̄weight]2

np − 1
. (B4)
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The mean and standard deviation, or weighted mean and weighted standard deviation where noted, are useful for quantifying

the common trends and fluctuations for a given set of data. The correlation coefficient (r) is used to quantify the strength of

correlation between two collocated data sets and is defined as follows:1150

r =

∑np

j=1[(X(j)− X̄)(Y (j)− Ȳ )]∑np

j=1[X(j)− X̄]2
∑np

j=1[Y (j)− Ȳ ]2
, (B5)

where X and Y are the set of ISARA-derived and remote sensing aerosol measurements, respectively. Additionally, the p,

which is the probability that the two parameters are not correlated (i.e., probability that the null-hypothesis is true), is used to

quantify the statistical significance of the correlation (i.e., r). To quantify the difference between two measures of the same

parameter, both bias and relative bias (RB) are used and defined as follows:1155

bias(j) = Y (j)−X(j) (B6)

and

RB(j) =
2[bias(j)]

Y (j)+X(j)
. (B7)

To quantify the systematic error of a set of comparable measures the normalized root-mean square deviation (NRMSD), the

mean and standard deviation of bias (i.e., MB and SB, respectively), and the mean and standard deviation of RB (MRB and1160

SRB, respectively) are discussed within the results. The NRMSD is defined as follows: and

NRMSD=
1

max(X)−min(X)

√∑np

j=1[Y (j)−X(j)]2

np
. (B8)

In this paper, statistical consistency of altitude-resolved data is determined to be successful for a given ambient aerosol prop-

erty if NRMSD < 25%, r > 0.8, and p < 0.05. Additionally, the consistency between column-averaged data are classified as

“good”, “moderate”, and “poor”, based on either the column’s extinction weighted standard deviation or the estimated of RSP1165

error shown on Table 2. The ISARA- and RSP-derived properties are in good or moderate consistency if the Z̄weight are within

1 sweight or within 3 sweight, respectively. The column-averaged properties are in poor agreement if the Z̄weight are more than

3 sweight from each other.

Author contributions. SD and JS prepared manuscript with all co-authors involved in review and editing. JS, SD, and SS performed all1170

consistency analyses detailed in this study. All other authors provided input for the manuscript and/or participated in data collection and

processing.
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Closing the Gap: An Algorithmic Approach to Reconciling In-Situ
and Remotely Sensed Aerosol Particle Properties
Sanja Dmitrovic1,*, Joseph S. Schlosser2,3,*, Ryan Bennett4, Brian Cairns5, Gao Chen2, Glenn S. Diskin2,
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Abstract. Remote sensing retrievals of atmospheric aerosol particle properties, such as those from lidars and polarimeters, are


increasingly used to study aerosol impacts on critical cloud and marine boundary layer processes. To ensure the reliability of


these retrievals, it is important to validate them using aerosol measurements from in-situ instruments (i.e., external closure).


However, achieving rigorous external closure is challenging because in-situ instruments often 1) provide dry (relative humidity


(RH) < 40%) aerosol measurements, while remote sensors typically retrieve properties in ambient conditions and 2) only5


sample a limited aerosol particle size range due to sampling inlet cutoffs. To address these challenges, we introduce the In-


Situ Aerosol Retrieval Algorithm (ISARA), a software framework designed to enable closure between in-situ and remote


sensing aerosol data by converting dry in-situ aerosol optical and microphysical properties into ambient, humidified ones. We


apply ISARA to aerosol measurements collected during the NASA Aerosol Cloud meTeorology Interactions oVer the western


ATlantic Experiment (ACTIVATE) field campaign to test its ability to generate aerosol properties that are comparable across10


measurement platforms. To assess this performance, we conduct consistency analysis by comparing ISARA-calculated aerosol


data with corresponding measurements from 1) ACTIVATE’s in-situ instruments (internal consistency), 2) Monte Carlo in-situ


data simulations (synthetic consistency), and 3) ACTIVATE’s Second Generation High Spectral Resolution Lidar (HSRL-2)


and Research Scanning Polarimeter (RSP) instruments (external consistency). This study demonstrates that: 1) appropriate


a priori assumptions for aerosol particles can lead to consistency between many in-situ measurements and remote sensing15


retrievals in the ACTIVATE campaign, 2) ambient aerosol properties retrieved from dry in-situ and the RSP polarimetric data


are shown to be consistent for the first time in literature, 3) measurements are externally consistent even in the presence of
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moderately absorbing (imaginary refractive index (IRI) > 0.015) aerosol, and 4) ISARA is limited by probable under-sampling


of coarse-mode particles as well as by an under-determined system. While this study focuses on spherical, sulfate-dominated


aerosol mixtures, its overall success demonstrates that ISARA has the potential to support systematic and streamlined closure20


of aerosol datasets across diverse field campaigns and aerosol regimes.


1 Introduction


Atmospheric aerosol particles play a central role in Earth’s climate system by scattering and absorbing solar radiation (direct


effect) and by serving as cloud condensation nuclei (CCN) that influence cloud formation and radiative properties (indirect


effect). Given their central role in regulating Earth’s radiation balance and cloud development, aerosol particles are the tar-25


get of intensive observational efforts using ground-based, airborne, and satellite instruments. These platforms are designed to


measure or retrieve key aerosol optical and microphysical properties involved in these critical atmospheric processes. Because


designs and error characteristics vary widely across instrument platforms, it is important to verify that aerosol measurements


from one platform are consistent with those from another (i.e., external closure), as these observations are used to constrain


global climate models that simulate aerosol-cloud interactions and climate feedbacks. While external closure addresses tech-30


nical consistency between measurements, it also advances aerosol science by enabling efforts to 1) validate the accuracy and


uncertainty of satellite and airborne remote sensing aerosol products, 2) create improved a priori aerosol particle properties


to better constrain satellite retrievals, 3) aid atmospheric modeling efforts by establishing new applications for remote sensing


products such as deriving parameterizations of aerosol hygroscopicity, and 4) advance the methods used to derive ambient


aerosol properties from in-situ measurements. This paper aims to address these critical needs in aerosol science by assess-35


ing consistency between in-situ and remotely-sensed aerosol properties using data collected from two state-of-the-art remote


sensing instruments: the Second Generation High Spectral Resolution Lidar (HSRL-2) and the Research Scanning Polarimeter


(RSP). The HSRL-2 and RSP provide vertically resolved and column retrievals, respectively, of aerosol optical and microphys-


ical properties, among other products. Details on these instruments will be provided in Sect. 2.3.


40


There have been numerous past efforts on assessing consistency between aerosol data sets obtained from airborne in-situ and


NASA’s HSRL-2 and RSP instruments. For example, more recent works have attempted to demonstrate the consistency of


airborne HSRL-2 extinction and backscatter measurements and HSRL-2-retrieved aerosol effective radius using collocated


in-situ aerosol products (e.g., Müller et al., 2014; Sawamura et al., 2017; Tsekeri et al., 2017; Pistone et al., 2019). These


studies consistently find that the extinction and backscatter coefficients derived from in-situ instruments are systematically45


low compared to those derived from HSRL-2. Additionally, evaluations of RSP retrievals of aerosol optical and microphysical


properties have been performed using data from the AErosol RObotic NETwork (AERONET) (e.g., Wu et al., 2015; Fu et al.,


2020). There have also been a limited number of case studies successfully making comparisons between RSP retrievals and


airborne in-situ data from the Arctic Research of the Composition of the Troposphere from Aircraft and Satellites (ARCTAS;


Knobelspiesse et al., 2011) and ObseRvations of Aerosols above CLouds and their intEractionS (ORACLES; Pistone et al.,50
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2019) field campaigns. In particular, Pistone et al. (2019) found poor agreement between in-situ- and RSP- derived total SSA.


However, total, fine-mode, and coarse-mode aerosol microphysical properties from RSP have not been systematically evalu-


ated against in-situ aerosol data as of the date of this study.


Despite the important findings from these studies, a framework for systematic and streamlined closure of remote sensing55


aerosol data sets has not been yet achieved. Closure is challenging to perform due to the increasing volume and complexity of


remote sensing data. Also, in-situ aerosol data sets can be affected by errors resulting from factors such as plumbing losses,


calibration issues, and most importantly, the alteration of the aerosol’s relative humidity (RH) while sampling through aircraft


inlets. In order to avoid the complexities of RH variation, in-situ instruments will often dry the critical optical property and


size distribution measurements of aerosol particles to RH ≤ 40%. Note that 40% RH is the minimum efflorescence point of the60


majority of atmospheric aerosol species (Li et al., 2014). This drying process is often achieved using a Nafion dryer or heating


in the sampling line (Sorooshian et al., 2023).


Unlike the controlled environments of many in-situ instruments, remote sensors such as lidars and polarimeters retrieve these


particles’ properties without altering their RH (i.e., in ambient conditions). Although aircraft in-situ instruments can measure65


ambient RH and apply it to dry aerosol data sets, these measurements can have errors as high as 15% (Diskin et al., 2002).


Adding to this complexity, both the parameterization and measurement of hygroscopicity can also have a high uncertainty


(Shingler et al., 2016; Petters and Kreidenweis, 2007). Aerosol particle hygroscopicity is commonly defined as the increase


in particle diameter, relative to the dry state that is due to atmospheric moisture and is typically parameterized by the physi-


cal hygroscopicity parameter (κ; Petters and Kreidenweis, 2007). This physical hygroscopicity parameterization is indirectly70


related to changes in scattering coefficients, based on assumptions on particle shape. Alternatively, hygroscopicity can also


be parameterized directly based on the increase in scattering coefficients of particles due to hygroscopic growth, referred to


as the optical hygroscopicity parameter (γ; Sawamura et al., 2017). These parameterizations are discussed in more detail in


Section 2.4.


75


These sources of error can therefore significantly alter the measured or derived microphysical and optical characteristics of


aerosol particles. The other major difficulty of closure is that in-situ instruments cannot efficiently sample coarse-mode par-


ticles due to limitations in the inlet cutoff diameter (i.e., typical cutoff particle diameter (D) < 5 µm). Wing mounted probes


are commonly used to estimate coarse mode aerosol properties, but are designed in such a way that the sizing can be highly


uncertain (e.g., Reid et al., 2003, 2006). In addition to the coarse-mode sampling limitations, particles are lost between the80


external inlet of the aircraft and the inlets of the instruments (Baron and Willeke, 2001; Kulkarni et al., 2011).


To strive toward streamlined systematic closure of in-situ and remote sensing aerosol data sets within aircraft field campaigns,


this study assesses the agreement between these two disparate measurement approaches, a process that is referred to as con-


sistency or consistency analysis throughout this paper. To facilitate this comparison and eventually support broader closure85
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efforts across field campaigns, we introduce the In-Situ Aerosol Retrieval Algorithm (ISARA), a Python-based retrieval algo-


rithm that applies hygroscopic growth to dry in-situ aerosol and optical microphysical properties to derive ambient, humidified


properties suitable for comparison with remote sensing retrievals. Specifically, the algorithm uses the Fortran-based Modeled


Optical Properties of Ensembles of Aerosol Particles package (MOPSMAP; Gasteiger and Wiegner, 2018) based on measured


size distributions and retrieved refractive indices derived from a "common" suite of in-situ instruments. This study builds on90


previous efforts such as Ziemba et al. (2013) and Sawamura et al. (2017), which developed similar algorithms for retrieving


ambient aerosol properties from in-situ data. However, those studies focused on regions with limited coarse-mode aerosol and


therefore assumed negligible coarse-mode contribution, restricting their analyses to fine-mode particles.


Note that in this study, the fine-mode particle regime is defined as aerosol particles with an ambient particle diameter range95


of 0.09–1.00 µm and the coarse-mode regime is defined as aerosol particles with ambient particle diameters ≥1.0 µm. Coarse-


mode species such as dry sea salt and dust are difficult to consider because they can have particle diameters > 1.0 µm (Hussein


et al., 2005). Also, dry sea salt is non-spherical, non-absorbing, and very hygroscopic, which translates to larger values of


κ (Sorribas et al., 2015; Ferrare et al., 2023). Similar to dry sea salt, dust can also be non-spherical but can be moderately


absorbing and has a complex refractive index (CRI) that is dependent on wavelength (Voshchinnikov and Farafonov, 1993;100


Veselovskii et al., 2010; Wagner et al., 2012; Sorribas et al., 2015). This work attempts to overcome these limitations by using


wing mounted probes that sample coarse-mode to estimate the contribution of coarse-mode particles to calculated ambient


optical and microphysical data, which is common for studies looking to account for coarse-mode (Ryder et al., 2015; Tsek-


eri et al., 2017; Ryder et al., 2018). While the current study focuses on the consistency analysis between in-situ- and remote


sensing-derived aerosol properties of the more common spherical aerosol particles, it is hoped that the framework described in105


this study serves as an open source foundation that can be easily expanded and used to fully understand the information train


between all manner of measurements and therefore enable systematic closure of field campaign aerosol data.


The ability of ISARA to perform consistency analyses is tested by applying the algorithm to synthesized data as well as data


collected during the NASA Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment (ACTIVATE) field110


campaign, a mission dedicated to characterizing aerosol-cloud-meteorology interactions by using two spatially-synchronized


aircraft to provide systematic and simultaneous airborne measurements from 2020 to 2022 (Sorooshian et al., 2019). The


spatial synchronization of these aircraft is ideal for performing a consistency analysis between in-situ, lidar, and polarimetric


measurements since rigorous spatiotemporal collocation between these data sets can be achieved. The ACTIVATE data set


also enables investigation of numerous atmospheric processes over the western North Atlantic Ocean, including aerosol-cloud115


interactions that represent the largest uncertainty in estimates of total anthropogenic radiative forcing (Field et al., 2014).


In addition to having a data set with ample amounts of collocated data, special effort was made to sample the North American


anthropogenic outflow over the western North Atlantic ocean (Sorooshian et al., 2019). The fine-mode particles of this anthro-


pogenic outflow (D < 1.0 µm) are predominately composed of fresh or aged sulfate and organics (Dadashazar et al., 2022a),120
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and the coarse-mode particles (D ≥ 1.0 µm) are predominately composed of sea salt. While there are cases of diverse aerosol


species that are sampled during ACTIVATE such as amines (Corral et al., 2022), dust (Ajayi et al., 2024), and smoke (Soloff


et al., 2024), this study serves only to establish the utility of the ISARA and focuses on the less complex fine-mode spherical


aerosol species, while the coarse-mode is assumed to be sea salt. This will limit the scope of this study and allow for future


work to be done in analyzing consistency between the ambient aerosol particle properties derived from in-situ and remote125


sensing measurements of specific aerosol species. The ACTIVATE data set is discussed in more detail in Sect. 2.2.


With this background, we introduce a three-fold consistency analysis framework to evaluate the performance and robustness of


the ISARA algorithm. The central goal of consistency and closure efforts is to enable one-to-one comparisons between in-situ


and remote sensing data sets. While ISARA is designed to account for differences in aerosol properties due to relative humidity,130


challenges remain in achieving true one-to-one comparison due to the limited ability of in-situ instruments to sample coarse-


mode particles and statistical uncertainties in the retrievals themselves. To assess whether ISARA produces aerosol properties


that are accurate and comparable across platforms, we perform three types of consistency analysis: 1) synthetic consistency,


using Monte Carlo-generated data to test retrieval accuracy under controlled conditions; 2) internal consistency, comparing


ISARA-derived aerosol properties with corresponding instrument measurements; and 3) external consistency, assessing agree-135


ment between ISARA-derived properties and remote sensing retrievals from HSRL-2 and RSP.


Section 2 outlines the methodological framework, which includes: 1) ACTIVATE mission; 2) cloud filtering of in-situ data; 3)


ISARA methodology including retrieval descriptions for dry CRI and κ; 4) synthetic in-situ data generation; 5) HSRL-2 and


RSP data processing including cloud filtering of remote sensing data and matching HSRL-2 data to the RSP resolution; and140


6) collocation of in-situ data to the remote sensing data. Section 3 presents results of the synthetic, internal, and external mea-


surement consistency analyses. The external measurement consistency analysis is conducted under ideal conditions defined as:


i) good data spatiotemporal collocation (defined as a spatiotemporal separation of <6 min and <15 km) between the platforms,


ii) a single observed aerosol layer dominated by spherical fine-mode particles (e.g., anthropogenic outflow), and iii) absence of


clouds within remote sensing retrievals and in-situ measurements. Section 4 summarizes key points of this study and suggests145


potential avenues for future work.


2 Methods


2.1 Background on Properties of Particles


While a comprehensive theoretical framework of particle properties is beyond the scope of this work, a brief summary to this


study’s closure calculations is provided. Fundamentally, a particle’s properties are defined by its size, shape, and composition.150


Atmospheric particles can vary in shape and morphology depending on their species and history, but they are typically catego-


rized as spherical or non-spherical to first order. Particle size is described in terms of radius or diameter, however this becomes


dependent on the orientation of a particle for non-spherical particles. In cases of non-spherical particles, spherically equivalent


5
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diameter is sometimes used. Many species of aerosol particles are closely approximated by spherical particles with the notable


exceptions of dust, smoke, dry sea salt, and pollen. The composition of a particle defines the particle CRI that is a complex155


number that depends on the particle’s composition and is defined as follows:


CRI = RRI+ IRI× i, (1)


where RRI and IRI are the real and imaginary components of CRI, respectively. The IRI of a particle indicates how much in-


coming light it absorbs and the RRI of a particle indicates how much of the incoming light is scattered. The particle properties


of size, shape, and composition physically govern how a particle scatters and absorbs incoming light. Regardless of the shape,160


the intrinsic optical properties of any randomly oriented particle of a given size are contained within the scattering and absorp-


tion efficiency (Qscat and Qabs, respectively) and the angular scattering matrix (F) of a particle (Mishchenko and Travis, 1998;


Gasteiger and Wiegner, 2018). The F describes the angle and relative intensity of scattered light and is defined as follows:


F(θ) =



a1(θ) b1(θ) 0 0


b1(θ) a2(θ) 0 0


0 0 a3(θ) b2(θ)


0 0 −b2(θ) a4(θ)


 , (2)


where θ is the angle of the scattered light. Within the angular scattering matrix, the first element is defined as phase function165


(a1).


So far, we have defined the intensive properties of single particles; however, measurements of aerosol properties are done with


respect to a ensemble of particles. Ensembles of particles can have extrinsic properties that are dependent on the amount of


particles that are present in addition to the intrinsic properties of those particles. Extrinsic particle properties include number,170


volume, and surface area concentration as well as extinction, absorption, scattering, and backscatter coefficients. In order to


determine the intrinsic properties of in-situ measurements of an ensemble of aerosol particles, we use MOPSMAP that is ca-


pable of resolving the intrinsic and extrinsic properties of various particle shapes and sizes. For the purposes of this study, we


limit our analysis to spherical particles.


175


Given this assumption of particle sphericity, we use Mie theory, which assumes that the aerosol particle is a homogeneous


dielectric sphere whose light scattering and absorbing properties are dependent on its complex refractive index (CRI) and its


size relative to the incoming light’s wavelength. For spherical particles, the spectral scattering and absorption efficiencies (Qscat


and Qabs) can be integrated over the aerosol particle size distribution to compute the scattering and absorption coefficients


(Cscat and Cabs, respectively):180


Cscat,abs(λ) =


logDmax∫
logDmin


[
πD2


4
×Qscat,abs(λ,CRI,D)×no(D)


]
dlogD, (3)
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where D is particle diameter, λ is the wavelength of the measurement source, dlogD is the logarithmic difference between the


upper and lower diameter cutoffs of each bin, and no is the logarithmic size-resolved aerosol particle number concentration.


The integral bounds logDmin and logDmax correspond to the dlogD of the smallest and largest bins of the particle size


distribution. The term no is used per convention to represent the following:185


no =
dN


dlogD
. (4)


Using these equations, we can “invert” the extrinsic measurements of absorption and scattering coefficients to determine the


mean and spread of intrinsic properties of aerosol. This process is detailed in Section 2.4 along with mathematical definitions


of the intrinsic and extrinsic ambient properties that are evaluated in this study.


190


In general, remote sensors are not as sensitive to particle number concentration as they are to particle surface area and vol-


ume concentrations. For particles larger than the remote sensor’s observing wavelength, the remote sensor is most sensitive to


particle cross-sectional area (i.e., surface area concentration). For particles smaller than the observing wavelength, the remote


sensor is most sensitive to volume concentration. Given the sensitivity of remote sensors to surface area and volume concen-


tration, this work also discusses the logarithmic size-resolved aerosol particle surface area concentration (ao) and logarithmic195


size-resolved aerosol particle volume concentration (vo). Lognormal surface area concentration for spherical particles in a


given size range is defined as follows:


ao = no ×πD2 =
dA


dlogD
. (5)


Lognormal volume concentration of spherical particles in a given size range is defined as:


vo = no × πD3


6
=


dV


dlogD
. (6)200


2.2 ACTIVATE Mission Description


The ACTIVATE featured 162 coordinated science flights across six ACTIVATE deployments that occurred from 14 February


2020 to 18 June 2022. The six ACTIVATE deployments occurred between the following dates:205


1. 14 February – 12 March 2020,


2. 13 August – 30 September 2020,


3. 27 January – 2 April 2021,


4. 13 May – 30 June 2021,
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5. 30 November 2021 – 29 March 2022,210


6. 3 May 2022 – 18 June 2022.


During the first five and a half ACTIVATE deployments, the majority of these flights were carried out using NASA Langley Re-


search Center in Virginia as a base of operations, and the final half of the sixth ACTIVATE deployment was based in Bermuda.


The extent of the North Atlantic region that was sampled during ACTIVATE was within bounds of 58–78◦W and 28–42◦N.


The ACTIVATE methodology, sample region, and data set are described in more detail in Sorooshian et al. (2023). The AC-215


TIVATE mission follows previous studies that aim to study aerosol-cloud interactions in the dynamic western North Atlantic


environment (e.g., Quinn et al., 2019; Sorooshian et al., 2020; Dadashazar et al., 2021b, a; Corral et al., 2021; Painemal et al.,


2021).


An important feature of the ACTIVATE data set is the extensive collocated advanced passive and active remote sensing and220


in-situ data. The ACTIVATE aircraft executed flights that can be broadly categorized into two mission types: “process studies”


and “statistical surveys”. This study focuses on statistical survey flights, where the lower-flying HU-25 Falcon aircraft collected


in-situ data at various vertical levels (i.e., legs) in and above the marine boundary layer (MBL) for ∼3.3 hours (Dadashazar


et al., 2022b). During these statistical surveys, the Falcon would also make occasional vertical profiles (i.e., controlled ascents


and descents) through the atmosphere. Simultaneously, the higher-flying King Air at approximately 9 km would conduct remote225


sensing and launch dropsondes while being spatially coordinated with the Falcon. These flights comprised 90% of missions


and allowed for the efficient in-situ characterization of gas, cloud, aerosol, and meteorological quantities of the MBL across


multiple flights and deployments (Dadashazar et al., 2022b; Sorooshian et al., 2023). As noted previously, the focus on spatial


coordination of the two aircraft during the flights is beneficial for external consistency analysis, which is later described in


Sect. 2.6.230


2.3 Measurements


2.3.1 Remote Sensor Instrument Descriptions


The Second Generation High Spectral Resolution Lidar, HSRL-2, is an active lidar remote sensor that provides vertically


resolved profiles of various aerosol and cloud properties for campaigns such as the Cloud, Aerosol and Monsoon Processes


Philippines Experiment (CAMP2Ex; Reid et al., 2023), Deriving Information on Surface Conditions from COlumn and VER-235


tically Resolved Observations Relevant to Air Quality (DISCOVER-AQ; Sawamura et al., 2017), and ACTIVATE (Sorooshian


et al., 2023). Unlike standard elastic backscatter lidars such as Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),


the HSRL-2 has the ability to measure total and molecular backscatter separately from which aerosol backscatter, extinction,


and lidar ratio (LR) can be derived (Hair et al., 2008; Burton et al., 2016, 2018). The HSRL-2 has channels at 355 and 532 nm


with an additional elastic backscatter channel at 1064 nm where the ambient extinction coefficient at 355 and 532 nm is re-240


trieved from the measured lidar ratio. Because the HSRL-2 does not measure LR at 1064 nm, the 1064 nm extinction is derived
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as a retrieved product (Burton et al., 2016).


In this study, the HSRL-2 measurement of total ambient extinction coefficient at 532 nm serves as the standard relative to the


in-situ-derived ambient extinction coefficient as was done in Sawamura et al. (2017). The HSRL-2 products include ambient245


vertically resolved lidar backscatter coefficient and linear depolarization ratio (LDR) at wavelengths of 355, 532, and 1064 nm


and extinction coefficient at 355 and 532 nm wavelengths (Fernald et al., 1984; Hair et al., 2008; Burton et al., 2018). The


HSRL-2 field of view is 1 mrad, which corresponds to a 9 m footprint for an aircraft at 9 km altitude.


Complementing the HSRL-2 is the RSP, which is a passive polarimetric remote sensor that uses highly accurate multispectral250


and hyperangular photopolarimetric measurements to characterize aerosol and cloud properties (Cairns et al., 1999, 2003). The


aerosol products are based on an optimal estimate using the Research Scanning Polarimeter Microphysical Aerosol Properties


from Polarimetery (RSP-MAPP) algorithm (Stamnes et al., 2018). Fine- and coarse-mode aerosol optical and microphysical


properties are retrieved using seven channels that measure the total and polarized radiance across the visible-shortwave spec-


trum (wavelength range = 410–2260 nm) with over 100 viewing angles between ±55◦. The RSP has a field of view of 14 mrad,255


which results in a 126 m along-track footprint for an aircraft at 9 km altitude. As a result, the RSP provides accurate column-


averaged retrievals of aerosol optical and microphysical properties such as real refractive index (RRI), IRI, effective radius


(reff ), and single scattering albedo (SSA).


The relevant King Air products are described in Table 1 along with their associated vertical resolutions, temporal resolutions,260


and uncertainties. Note that the native resolution of the extinction coefficients measured by the HSRL-2 is 225 m vertically and


60 seconds temporally. The provided HSRL-2 coefficients are smoothed from the subsampled resolution of 15 m × 1 s to the


native resolution 225 m × 60 s by taking the arithmetic mean of all subsampled points within each native bin. In addition to


analyzing the consistency of the standard HSRL-2 and RSP aerosol particle products, this study will analyze the consistency


of the novel vertically resolved aerosol particle number concentration estimate (N ; Schlosser et al., 2022). Complete details265


on the derivation of vertically resolved N are discussed in Schlosser et al. (2022), but note that this quantity relies on the


HSRL-2-derived aerosol extinction coefficient at 532 nm and the RSP-derived aerosol extinction cross section at 532 nm.


2.3.2 In-Situ Instrument Descriptions


In-situ measurements of size-resolved dry N are taken from the Scanning Mobility Particle Sizer (SMPS) (Model 3085 DMA,


Model 3776 Condensation Particle Counter (CPC), and Model 3088 Neutralizer; TSI, Inc.) and a Laser Aerosol Spectrometer270


(LAS) (Model 3340; TSI, Inc.). The SMPS measures concentrations of particles with mobility D ranging in size from 2.97


to 94 nm at a 45-second temporal resolution (Moore et al., 2017). The LAS measures concentrations of particles with optical


equivalent D ranging in sizes from 94 to 7500 nm at a 1-second temporal resolution (Froyd et al., 2019). The LAS sampled


particles that were actively dried with a 6” Monotube dryer (Perma-Pure, Model 700) for all flights except the 30 from 14 May


through 30 June, 2021 that were only dried passively. All SMPS data relied on passive drying from ram heating and a generally275
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Table 1. Summary of the King Air payload including relevant Second Generation High Spectral Resolution Lidar (HSRL-2) and Research


Scanning Polarimeter (RSP) ambient aerosol particle products with associated native resolutions and uncertainties.


Instrument Parameter Description Vertical/Temporal


Resolution


Uncertainty


Total extinction coefficient at 355, 532, and


1064 nm wavelengths∗
225 m / 60 seconds 0.01 km−1


Second Generation


High Spectral


Resolution Lidar


(HSRL-2)


Total backscatter coefficient at 355, 532, and


1064 nm wavelengths


30 m / 10 seconds 0.2 Mm−1 sr−1


Total linear depolarization ratio (LDR) at 355 and


532 1064 nm wavelengths


225 m / 10 seconds 2 – 5%∗∗∗


Column aerosol optical depth (AOD) at 355 and


532 nm wavelengths


– / 60 seconds 0.02


Total, fine-mode, and coarse-mode hyper-


spectral column AOD from 410 to 2250 nm


wavelengths


– / 4.167 seconds 0.04 / 0.015∗∗


Research


Scanning


Polarimeter (RSP)


Column−averaged total, fine-mode, and coarse-


mode aerosol particle number concentration (N )


– / 4.167 seconds 21%


Column−averaged total, fine-mode, and coarse-


mode effective radius (reff )


– / 4.167 seconds 0.02 / 0.15 µm∗∗∗


Column−averaged total, fine-mode, and coarse-


mode effective variance (veff )


– / 4.167 seconds 0.05 / 0.07∗∗∗


Column−averaged total, fine-mode, and coarse-


mode aerosol particle extinction cross-section


(σext)


– / 4.167 seconds –


Column−averaged total, fine-mode, and coarse-


mode single scattering albedo (SSA)


– / 4.167 seconds 0.02 / 0.04∗∗∗


Column−averaged fine-mode real refractive in-


dex (RRI)


– / 4.167 seconds 0.02


Column−averaged fine-mode imaginary refrac-


tive index (IRI)


– / 4.167 seconds 0.002


∗ The 1064 nm extinction coefficient is a retrieved HSRL-2 product.
∗∗ Uncertainty values are approximate and dependent on scattering levels.
∗∗∗ Uncertainty values are for the fine-mode / coarse-mode, respectively.


warmer cabin temperature than ambient air. Note that all drying was done to an RH of ≤40%. The N measurements provided
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by the SMPS and LAS are provided at standard temperature and pressure (273.15 K and 1013 mb).


While the LAS has a measurement range up to 7.5 µm, the maximum cutoff D of the sample inlet prevents the measurement of


particles with ambient D > 5 µm for ACTIVATE (McNaughton et al., 2007; Chen et al., 2011). The effective upper size cut is280


D = 5 µm for all 2020 data. For this data set, only particles with a maximum of dry optical D up to 3488 nm were used. This


is done because the next logarithmically-spaced bin starts at 3488 nm and extends beyond the limit for efficient transmission


into the isokinetic inlet. For 2021 and 2022 data sets, a cyclone was installed upstream of the nephelometers that results in a


1 µm aerodynamic cutoff for those data. The impact on the absorption coefficient from particles above 1 µm is assumed to be


negligible in the calculation of extinction coefficients.285


It is important to note that the optical particle size can be greater than the aerodynamic size by a factor of 1.2 to 1.8 depending


on the particle density and shape. Additionally, the cyclone has a 50% efficiency at 1 µm. Due to the difference between the


aerodynamic and optical particle sizes and the imperfect nature of the cyclone, we use a maximum cutoff diameter of 2 µm


for the upper bound of the LAS size distribution. To further motivate this decision, using lower thresholds of 1.5 and 1.8 µm290


resulted in a success rate of 33% and 10%, respectively. There is also a decrease in the internal consistency as all measures of


bias increase when a cutoff of less than 2 µm is used.


Another important detail to note is that the LAS particle sizing is calibrated using an assumed dry CRI and shape. The system-


atic error introduced by using an assumed dry CRI and shape is expected to be minimized by performing the LAS calibration295


with respect to spherical ammonium sulfate particles with dry CRI of 1.53+0i, which is among the most common aerosol


species (Ebert et al., 2004; Sawamura et al., 2017). Furthermore, external mixtures of many aerosol species have an apparent


RRI that falls between 1.5 and 1.58 (Li et al., 2023). If an external mixture of aerosols is dominated by a RRI outside of this


range, it is likely that the assumptions of a spectrally flat CRI and sphericity are not longer valid. The SMPS sizing is calibrated


using National Institute of Standards and Technology (NIST)-traceable polystyrene latex spheres, while size-dependant con-300


centrations were calibrated in the laboratory using monodispersed aerosol and a reference CPC. These calibrations resulted in


good stitching between the SMPS and LAS distributions and good consistency between the integrated number concentrations


measured by ancillary CPC measurements (see Figure 7 of Sorooshian et al., 2023).


The in-situ optical measurements are taken by the nephelometer (Model 3563; TSI, Inc.) and the tricolor Particle Soot Absorp-305


tion Photometer (PSAP) (Radiance Research) (Sorooshian et al., 2023). The nephelometer measures cabin dried (RH≤60%)


and humidified (RH=85%) particle scattering coefficients (Cscat,RH≤60 and Cscat,RH=85) at wavelengths equal to 450, 550,


and 700 nm at a 1-second temporal resolution (Ziemba et al., 2013). In addition to the scattering coefficients, the nephelometers


also measure RH. The PSAP measures dry absorption coefficient (Cabs,RH=40) at 470, 532, and 660 nm at a 1-second temporal


resolution (Mason et al., 2018). The PSAP sample stream is dried by heating the optical block to 35◦C. The scattering coef-310


ficients are corrected for truncation errors using Anderson and Ogren (1998) and the absorption coefficients are corrected for
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a transmittance and flow errors using Virkkula (2010). The parallel dry and humidified nephelometer deployment allows for


scattering coefficients to be adjusted to any RH up to saturation (RH = 99%) through the computation of γ (Sawamura et al.,


2017). This γ product relates scattering coefficients at some specified RH (RHspecified) to dry measured scattering coefficients


through the following:315


Cscat,RHspecified
= Cscat,RHmeasured


× exp


(
−γ× ln


[
100%−RHspecified


100%−RHmeasured


])
, (7)


where RHmeasured is measured by the cabin dried nephelometer. Note that in cases where the measured cabin RH is >40%, the


measured Cscat,RH≤60 is adjusted to be scattering at an RH of 40% (i.e., Cscat,RH=40) using Eq. 7. For the purposes of this


study, we will only use scattering and absorption data when all three channels of the nephelometer and PSAP have signals are


above 1 Mm−1 and 0 Mm−1, respectively.320


Measurements of ambient liquid water content (LWC) and cloud drop number concentration (Nd) are used to classify in-


situ data as cloud-free, ambiguous, or cloud. This classification becomes important because ISARA retrievals are performed


for cloud-free cases. Ambient LWC and Nd are both derived from ambient particle size distribution measured by a Cloud


and Aerosol Spectrometer (Droplet Measurement Technologies CAS; Baumgardner et al., 2001; Lance, 2012), a Fast Cloud325


Droplet Probe (SPEC FCDP; Kirschler et al., 2022), and a Cloud Droplet Probe (Droplet Measurement Technologies CDP;


Sinclair et al., 2019). The CAS, CDP, and FCDP measure particles in the ambient D size ranges of 0.5–50 µm, 2–50 µm, and


3–50 µm, respectively. Measurements are considered cloud-free where LWC is less than 0.001 g m−3, respectively (Schlosser


et al., 2022). Because the CAS, CDP, and FCDP provide redundant measurements of LWC, this work relies on the CDP pri-


marily and only uses FCDP for flights where the CDP was not being used. The CAS is only used as a backup for LWC in the330


case the CDP and the FCDP are unavailable.


In addition to applying a maximum LWC threshold, a sampling inlet flag is used to confirm that the Falcon aircraft was op-


erating with the isokinetic inlet rather than the Counterflow Virtual Impactor (BMI Inc. CVI; Shingler et al., 2012), which is


intended for collecting cloud residuals. The ambient aerosol particle size distribution measured by the CAS, the CDP, and the335


FCDP also help account for coarse aerosol particles when calculating the final properties of the ambient aerosol particles (see


Section 2.4). To round off the suite of in-situ instruments is the Diode Laser Hygrometer (DLH), which provides ambient RH


data. Ambient RH is used for the final calculation of ambient aerosol properties as described in Sect. 2.4. Note that the DLH


measures water vapor density, which is used with ambient pressure and temperature data to derive ambient RH to an relative


accuracy of 15% of the measured RH (Diskin et al., 2002). The relevant Falcon measurements are described in Table 2 along340


with their associated size ranges, temporal resolutions, and uncertainties.
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Table 2. Summary of the relevant Falcon measurements and payload with associated size ranges, resolutions, and one standard deviation


uncertainties.


Measurement Instrument Systematic


uncertainty


(accuracy)


Random


uncertainty


(precision)


Size range Native time


resolution (s)


Dry logarithmic size-


resolved aerosol particle


number concentration (no)


Scanning Mobility Particle Sizer


(SMPS)


10% – 2.97 –


94.0 nm


45


Dry no Laser Aerosol Spectrometer


(TSI LAS–3340).


10% – 93.9 –


3487.5 nm


1


Dry scattering coefficient at


450, 550, and 700 nm wave-


lengths.


Nephelometer at RH ≤40% (TSI–


3563)


10% 2 Mm−1 <1 µm∗ 1


Humidified scattering co-


efficient at 450, 550, and


700 nm wavelengths


Nephelometer at RH ≃80% (TSI–


3563)


10% 2 Mm−1 <1 µm∗ 1


Dry absorption coefficient


at 470, 532, and 660 nm


wavelengths


Tricolor Particle Soot Absorption


Photometer (PSAP)


7.5% 1 Mm−1 <5 µm 1


Relative humidity (RH) Diode Laser Hygrometer (DLH) 7.5% - - 0.05


Liquid water content


(LWC), cloud drop number


concentration (Nd), and


coarse-mode ambient no


Cloud Droplet Probe (Droplet


Measurement Technologies CDP)


10% - 2 – 50 µm 1


LWC, Nd, and coarse-mode


ambient no


Cloud and Aerosol Spectrometer


(Droplet Measurement Technolo-


gies CAS)


10% - 0.5 – 50 µm 1


LWC, Nd, and coarse-mode


ambient no


Fast Cloud Droplet Probe


(SPEC FCDP)


10% - 3 – 50 µm 1


∗ For ACTIVATE 2020, this was <5 µm. See Sect. 2.3 for details.


2.4 In-Situ Aerosol Retrieval Algorithm (ISARA) Description


The first step of this algorithm is to match all in-situ data to the lowest time resolution of the suite of instruments. In the case of


ACTIVATE, the SMPS has the lowest time resolution of 45 seconds. The 45-second resolution is a shortcoming of the SMPS345


on an aircraft that can travel of 8 km across the ground in 45 seconds. As such, the external consistency analysis is most useful
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from vertical profiles where the in-situ platform samples the column of air above an arbitrary ground point. Vertical profiles


where the extent is more than 1 km are most useful for comparing with the column-averaged aerosol particle properties derived


from the RSP-measurements. The data merge is handled by the NASA Airborne Science Data for Atmospheric Composition


online merge tool (see www-air.larc.nasa.gov). Data in their native resolution are averaged to 45 seconds using the NASA350


merging tool. After this step, the SMPS and LAS size distributions are stitched at a diameter of 94 nm, which is the upper


bound of the size-range by the SMPS and the lower bound of the LAS size-range.


After the size distribution measurements are stitched, ISARA is used to determine the aerosol optical and microphysical prop-


erties relevant to this study. Computation of scattering and absorption coefficients is accomplished using MOPSMAP (Bohren355


and Huffman, 2008; Gasteiger and Wiegner, 2018). As discussed above, the size range for the size-resolved number concen-


tration measurements used in these retrievals is 3–3487.5 nm for ACTIVATE 2020 data, which is truncated to 3–2000 nm for


ACTIVATE 2021-2022.


ISARA is a retrieval algorithm that uses dry and humidified (i.e., wet) aerosol measurements to retrieve the dry aerosol particle360


properties while accounting for changes in optical properties due to hygroscopicity, allowing for the derivation of ambient


aerosol properties. For these retrievals, we assume that the CRI does not change with wavelength (e.g., the CRI is spectrally


flat), which is a good assumption for organic and sulfate aerosol species observed for much of ACTIVATE within the 450–


700 nm range of wavelengths (Bain et al., 2019). Also, as discussed previously, we have limited our calculations to classical


Mie theory due to the assumption of particle sphericity. The first main step of the ISARA retrieval is calculating a total dry CRI365


since this is a critical parameter for Q and C as mentioned previously. This step focuses on retrieving CRI. Eq. 3 is rewritten


as follows to denote the calculation of dry parameters (Eq. 8):


Cscat,abs,dry(λ) =


logDmax,dry∫
logDmin,dry


[
πD2


dry


4
×Qscat,abs(λ,CRIdry,Ddry)×no(Ddry)


]
dlogDdry. (8)


Figure 1 shows logarithmic size-resolved aerosol particle number concentration (no), logarithmic size-resolved aerosol particle


surface area concentration (ao), and logarithmic size-resolved aerosol particle volume concentration (vo) as a function of dry370


particle diameter (Ddry) from all of the ACTIVATE 2020–2022 data. It is observed that the ACTIVATE data is mostly com-


prised of fine-mode particles with very low concentrations of coarse-mode particles.


A set of scattering and absorption coefficients are then calculated by iterating through dry RRI and IRI. The IRI is iterated from


0.00 to 0.08 in increments of 0.001, which is a range suited for typical aerosol particles in the ACTIVATE region. The RRI is375


iterated at 1.51, 1.52 1.53, 1.54, and 1.55 to capture small deviations in RRI from the 1.53 assumed by the LAS calibration


curve. Given that the scattering is dominated by particles in the LAS size range, we expect to get a good agreement between the


ISARA-derived scattering coefficient and that measured by the nephelometer. Note that this process uses the mid-point (i.e., the


geometric mean) particle diameters from each SMPS and LAS channel. After the set of scattering and absorption coefficients
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Figure 1. Heat map plot of logarithmic size-resolved aerosol particle (a) number concentration
(
no = dN


dlogD


)
, (b) surface area concentration(


ao = dA
dlogD


)
, and (c) volume concentration


(
vo = dV


dlogD


)
versus dry particle diameter (D) measured from all ACTIVATE 2020–2022


data which is comprised of 34015 size distribution measurements at 45 second resolution. The solid line represents the arithmetic mean of


each bin, the bottom and top dashed lines represent the 10th and 90th percentiles of each bin, respectively, and the color bar indicates density


of points in a given area of the plot.


are calculated, ISARA retrieves a final value of total dry CRI (CRI) by taking the average of all valid CRI values. For a CRI380


to be valid for averaging, all three of the computed scattering coefficients must be within 20% of the corresponding measured


dry scattering coefficient
(


|Cscat,calc−Cscat,RH=40|
Cscat,RH=40


< 0.2
)


and all three of the calculated absorption coefficients must be within


1 Mm−1 of the measured absorption coefficients
(
|Cabs,calc −Cabs,RH=40|< 1Mm−1


)
. This method has been adapted from


Sawamura et al. (2017) to include all three wavelengths. A summary of this retrieval step is provided in Fig. 2.


385


A final check is performed to ensure CRI results in scattering and absorption coefficients that meet the same thresholds of 20%


and 1 Mm−1, respectively. Now that dry CRI has been determined, it is then necessary to retrieve the physical hygroscopicity


parameter (κ). Since the retrieval of κ relies on the same Mie theory principles as the previous step, Eq. 3 is rewritten to
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Figure 2. Flow chart of the dry CRI retrieval procedure. Blue text represents measured values, black text represents MOPSMAP-calculated


values, and red text represents ISARA retrievals. The term Ccalc indicates calculated Cscat,dry and Cabs,dry while Cmeas indicates


Cscat,RH=40 and Cabs,RH=40 from the nephelometer and PSAP instruments, respectively.


represent wet parameters (Eq. 9).


Cscat,abs,wet(λ) =


logDmax,wet∫
logDmin,wet


[
πD2


wet


4
×Qscat,abs(λ,CRIwet,Dwet)×no(Dwet)


]
dlogDwet. (9)390


For the retrieval of κ, the forward-modeled humidified scattering coefficients are computed by adjusting for the impact that


water uptake has on the increase in particle diameter as a result of hygroscopic growth to determine the humidified particle


diameters and dry CRI. For spherical particles, both the scattering coefficients and particle diameters are related to κ by the gf ,


which is defined as the ratio between the humidified and the dry particle diameters:


gf =
Humidified Diameter


Dry Diameter
=


Dwet


Ddry
. (10)395


The gf is related to κ by RH via the following parameterization from Petters and Kreidenweis (2007):


RH


exp
(


αw


Ddrygf


) =
gf


3 − 1


gf 3 − (1−κ)
, (11)


where αw is the water activity. Water activity is a temperature-dependent function defined as follows:


αw =
4σs/wMw


RTρw
, (12)


where σs/w, Mw, R, T , and ρw are surface tension of solute (i.e., aerosol) to water, molecular weight of water, ideal gas400


constant, temperature, and density of water, respectively. The values of σs/w, ρw, and T are assumed to be 0.072 J m−2,
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1000 kg m−3, and 298.15 K, respectively (Petters and Kreidenweis, 2007). For particles larger than 80 nm, this equation be-


comes (Zieger et al., 2013):(
Dwet


Ddry


)3


= gf
3 = 1+κ× RHwet


100%−RHwet
, (13)


where RHwet = 80%. Conceptually, hygroscopic growth results in the size distribution being shifted to the right by gf and405


the distribution will widen if the size distribution is graphed with diameter on the x-axis. To account for the impact that water


has on dry CRI, the humidified CRI is assumed to be the volume-weighted average between dry RRI and the CRI of water


(CRIH2O = 1.33+0i). The volume-weighted mixing model is used because it was found to be the most robust of a variety of


possible mixing models by (Nessler et al., 2005). With this model, CRI can be written as a function of gf (and consequently κ


using Eq. 11) as follows:410


CRI(gf )≈
CRIdry +CRIH2O × (gf


3 − 1)


gf 3
. (14)


With these relationships established, a set of wet scattering coefficients (i.e., Cscat,wet) at 550 nm can now be calculated by


iterating through κ from 0.00 to 1.40 in increments of 0.001, also a range typical of ACTIVATE’s measured aerosol particles.


After calculating the set of forward-modeled Cscat,wet, we use γ to derive the “measured” Cscat,wet (i.e., Cscat,RH=80). The415


γ is derived from the tandem nephelometers as detailed in Sect. 2.3. The Cscat,RH=80 is obtained by applying Eq. 7 with


the cabin dried measured scattering coefficient at 550 nm (i.e., Cscat,RH≤60) with the measured cabin RH, and by setting the


specified RH to be 80%. The Cscat,RH=80 and Cscat,RH=40 are then used to calculate “measured” hygroscopic amplification


factor (f(RH); Shingler et al., 2016) by rearranging Eq. 7 to be the following:


f(RH) =
Cscat,RH=80


Cscat,RH=40
= exp


(
−γ× ln


[
100%−RH40


100%−RH80


])
(15)420


After this step is performed, the smallest κ values are taken for computed Cscat,wet that are within 1% of Cscat,RH=80


(∆Cscat,wet < 1%). The smallest of these κ values is then taken to be the single effective κ (κ) for the fine-mode aerosol


particles. A summary of this retrieval process is illustrated below (Fig. 3).


Once IRI and κ are determined, the final humidified scattering coefficient and f(RH) are calculated for validation. Cumulative425


probability distributions of ISARA-derived IRI, κ, and f(RH) are shown for all ACTIVATE data (Fig. 4). It is observed that


aerosol particles in the ACTIVATE region generally have low absorption (IRI ≤ 0.01) and low hygroscopicity (κ ≤ 0.1).


The ISARA-derived IRI and κ are combined with the measured ambient RH and dry size distribution data and are used to


calculate ambient scattering and absorption coefficients (Cscat,amb and Cabs,amb, respectively) for the total (e.g., bulk) particle430


size-distribution (0.003≤ D ≤ 20 µm), the fine-mode particle size-range (0.1≤ D ≤ 1 µm), the coarse-mode particle size-


range (1≤ D ≤ 20 µm), and the optically active particle size-range (0.1≤ D ≤ 20 µm). The ambient scatteriing and absorption
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Figure 3. Flow chart of the physical hygroscopicity parameter (κ) retrieval procedure. Blue text represents measured values, black text


represents MOPSMAP-calculated values, and red text represents ISARA retrievals. Ccalc refers to the calculated scattering coefficient and


Cwet refers to the wet scattering coefficient derived from Eq. 7 and the dry scattering coefficient.


Figure 4. Cumulative probability distribution plots of retrieved (a) imaginary refractive index (IRI), (b) physical hygroscopicity parameter


(κ), and (c) hygroscopic amplification factor (f(RH)) derived from ACTIVATE 2020–2022 data. The intersection of the dashed magenta lines


marks the medians of the data sets, which are 0.007, 0.095, and 1.24 for IRI, (b) κ, and (c) f(RH), respectively.


coefficients are calculated using the following equation:


Cscat,abs,amb(λ) =


logDmax,amb∫
logDmin,amb


[
πD2


amb


4
×Qscat,abs(λ,CRIamb,Damb)×no(Damb)


]
dlogDamb. (16)


Along with the ambient scattering and absorption coefficients, the other ambient aerosol microphysical and optical properties435


examined in this study are calculated across the particle ranges mentioned above. These properties are defined as follows (Note
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that the following equations are at ambient conditions, but the “amb” subscript is omitted for brevity):


number concentration =N =


logDmax∫
logDmin


nodlogD (17)


surface area concentration =A=


logDmax∫
logDmin


aodlogD (18)


volume concentration = V =


logDmax∫
logDmin


vodlogD (19)440


effective radius = reff =
V


A
(20)


effective variance = veff =


∫ logDmax


logDmin


[
(0.5D− reff)


2 × ao
]
dlogD


reff2 ×
∫ logDmax


logDmin
aodlogD


(21)


extinction coefficient = Cext(λ) = Cscat(λ)+Cabs(λ) (22)


single scattering albedo = SSA(λ) =
Cscat(λ)


Cext(λ)
(23)


backscatter coefficient = Cbsc(λ) = Cscat(λ)× a1(180
◦), (24)445


where a1(180
◦) is the phase function at 180◦ scattering.


lidar ratio = LR(λ) =
Cext(λ)


Cbsc(λ)
(25)


linear depolarization ratio = LDR(λ) =
a1(180


◦)− a2(180
◦)


a1(180◦)+ a2(180◦)
(26)
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Note that calculation of ambient N is restricted to the optically active particle size range (i.e., the portion of the distribution that450


significantly contributes to optical scattering and absorption (Schlosser et al., 2022)). Subsequent to the limitation of ambient


N , we calculate aerosol particle extinction cross-section (σext) using the following relationship:


extinction cross section = σext(λ) =
total Cext(λ)


optical N
, (27)


where total Cext is the extinction coefficient for the total size-distribution and optical N is the number concentration for the


optically-active particle size range.455


To perform the external consistency analysis outlined in Sect. 2.6, the coarse-mode contribution to the in-situ-derived total


extinction, N , and SSA is derived from the CAS size distribution, with the assumption that coarse-mode particles have the


microphysical and optical properties of hydrated sea salt. The assumptions made for this analysis are as follows: 1) the re-


fractive index of coarse-mode particles is set to that of water (CRIH2O = 1.33+0i), 2) the particles are fully hydrated, so no460


hygroscopic adjustment is applied, 3) they are spherical, and 4) the size distribution is truncated to diameters between 1,µm


and 20,µm. If the CAS data are not available for a flight, CDP data are used for coarse-aerosol contribution. If both CAS and


the CDP data are not available, FCDP data are used.


2.5 Synthetic Consistency Analysis Methodology465


Synthetic data generation is accomplished using a Monte Carlo-style approach to synthetically create aerosol size distribu-


tion and composition data and apply theoretical measurement noise. This section details the synthetic data generation process,


which involves: 1) creating ground-truth aerosol data, 2) generating synthetic in-situ measurements with appropriate measure-


ment noise, and 3) using these synthetic measurements in ISARA to retrieve IRI and κ. The resulting optical and microphysical


retrievals obtained from ISARA are detailed in Sect. 3.1.1.470


The following discussion describes the process used to generate the synthetic data. Size distributions are generated by assum-


ing the aerosol particles are spherical, since ISARA calculates resulting optical and microphysical properties using Mie theory


as detailed in Sect 2.4. The synthetic ground truth size distributions are calculated for the particle diameter range of 2.97–


3487.5 nm for each of the SMPS and LAS size bins to correspond with ACTIVATE size distribution data. To limit the number475


of unrealistic size distributions used for the retrievals, the shape of the size distribution is fixed and only the total number con-


centration is allowed to vary. Specifically, the shape of the size distribution is taken to be a 5-bin smoothed ACTIVATE-mean


size resolved number concentration from each of the SMPS and LAS bins (Fig. 5) and a randomly chosen scale factor is used


to adjust the magnitude of the ACTIVATE-mean size resolved number concentration. The scale factor range of 0.5–10.0 is


used for this analysis. This range is used to capture a large spread in particle concentrations within the ranges observed in the480


ACTIVATE data.
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The physical hygroscopicity parameter (κ) is then randomly chosen from the range of 0.00–1.40. The RH for this analysis is


held at 80% and hence the corresponding gf range is 1.00–1.77. The dry CRI is synthesized by assuming the RRI to be 1.53


while choosing IRI randomly from a range of 0.001–0.080. Finally, Eq. 3 is used to calculate Cscat,dry at wavelengths of 450,485


550, and 700 nm, Cabs,dry wavelengths of 470, 532, and 660 nm, and Cscat,wet at the 550 nm wavelength.


After generating the ground-truth aerosol data (i.e., synthetic size distribution, CRI, and κ), synthetic in-situ measurements


are created using the same randomly generated aerosol properties, the corresponding size distribution bins and ranges sampled


by the instruments, and appropriate measurement noise. Measurement noise (using Table 2 as described below) is added to490


the synthetic data prior to performing the data processing and retrieval. The random (precision) and systematic (accuracy)


measurement uncertainties from Table 2 are applied independently assuming they follow Gaussian probability distributions:


measurement = Y × [1+ randn (accuracy)]+ randn


(
precision
√
np


)
, (28)


where np is the SMPS resolution of 45 seconds and the Y is the synthesized value of the size resolved number concentration,


dry spectral absorption and scattering coefficients, and humidified scattering coefficients. The randn operator generates a ran-495


dom number from a Gaussian probability distribution, which is centered around the expected value of 0 and has a standard


deviation that is given by the term in parenthesis. The accuracy from Table 2 noise is applied proportionally to every channel


of each instrument to reflect the covariance of the channels. In other words, only one random sample is chosen per instrument.


The precision uncertainty adjusted by dividing the uncertainties from Table 2 by the square root of the number of samples made


in 45 seconds (i.e., np = 45) to represent the increase in measurement precision due to averaging. This adjustment in precision500


due to averaging is not applied to the synthetic SMPS data as its native resolution is 45 seconds (i.e., np = 1).


Equation 28 allows for measurement noise to be added to each synthetically-generated aerosol measurement. After adding


the measurement noise to each simulated measurement, a total of 10000 synthetic aerosol distributions are inputted into


MOPSMAP to generate IRI, κ, and consequently Cscat, Cabs, Cext, SSA, and f(RH) (results shown in Sect. 3.1.1). How-505


ever, note that 26.49% synthetically-generated measurements did not fall within appropriate delta thresholds required for the


successful retrieval of IRI and κ (see Figs. 2 and 3, respectively). The success rate of 73.51% can be improved by reducing


measurement noise.


2.6 External Consistency Analysis Process510


The platform collocation process for this work is explained in complete detail in Schlosser et al. (2024), but is summarized in


this section. Additionally, this section provides a summary of the methods used to column-average the in-situ data for compar-


ison with the RSP data, which is described with more detail in Schlosser et al. (2022).
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The first step of the process is to match the nearest HSRL-2 time stamp to each RSP scan. In order to search for cases with515


a substantial presence of fine-mode aerosol particles and low expected error, HSRL-2 and RSP aerosol optical depth (AOD)


at 532 nm (Table 1) are used. Specifically, the HSRL-2 data are removed where the column AOD is <0.08. The RSP data are


removed where fine-mode AOD is <0.1 and the normalized cost function of the RSP retrieval is >0.15. Because a significant


presence coarse-mode particles would be atypical within the altitudes that are sampled by the Falcon, we attempt to limit the


amount of coarse particles in the columns of compared data.520


To limit the presence of coarse-mode aerosol particles in this analysis, the difference in HSRL-2-derived and RSP-derived total


AOD must be <50% of HSRL-2-derived AOD or <0.05, whichever is greater. Additionally, coarse-mode AOD is limited to


<0.1. Finally, to limit the scope of this analysis to spherical particles, LDR is used to filter out non-spherical from the data set


(Burton et al., 2013). A LDR threshold of >13% was used to filter out non-spherical particles from the analysis. As discussed in525


Sect. 2.2 the ACTIVATE study region is characterized as a marine environment impacted by anthropogenic continental outflow,


which is why the maximum LDR threshold of 13% was chosen.


To collocate the RSP and HSRL-2 data to the in-situ data, the collocation data files produced in Schlosser et al. (2024) are used


to filter for times where the two aircraft are within 6 minutes and 15 km. For these comparisons, the ISARA-derived products530


are acquired where the Falcon aircraft was making a vertical profile through the atmosphere as identified in Sorooshian et al.


(2023). Once the desired data are identified, the ISARA products data are weighted by extinction and averaged to the 225 m


HSRL-2 bins or through the entire column for RSP comparisons. To provide aerosol source information for the discussion in


Sect. 3.2, this study uses 96 hr back-trajectories from NOAA’s Hybrid Single Particle Lagrangian Integrated Trajectory model


(Stein et al., 2015). The input meteorological data were obtained from the North American Mesoscale Forecast System (NAM)535


with a horizontal resolution of 12 km (Rolph et al., 2017).


2.7 Statistical Consistency Analysis Procedures


This section aims to define the statistical metrics used within this study. This also includes the specific metrics used to quantify


how well ISARA-derived in-situ data close (i.e., agree) with internal, synthetic, and external consistency data sets. The mean540


(Z̄) of a set of data is given by:


Z̄ =


∑np


j=1Z(j)


np
, (29)


where Z(j) is an independent data point in the set Z and np is the total number of data points, respectively. The standard


deviation (s) of a set of data is given by:
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s=


√∑np


j=1(Z(j)− Z̄)2


np
. (30)545


In some cases, we use the weighted mean for a set of data, which is defined as:


Z̄weight =


∑np


j=1weight(j)×Z(j)∑np


j=1weight(j)
, (31)


where weight(j) is the weight associated with a given data point. Following the definition of the weighted mean, we define the


weighted standard deviation (sweight) of a set of data as:


sweight =


√∑np


j=1weight(j)× (Z(j)− Z̄weight)2


np
. (32)550


The mean and standard deviation, or weighted mean and weighted standard deviation where noted, are useful for quantifying


the common trends and fluctuations for a given set of data. The correlation coefficient (r) is used to quantify the strength of


correlation between two collocated data sets and is defined as follows:


r =


∑np


j=1[(X(j)− X̄)× (Y (j)− Ȳ )]∑np


j=1[X(j)− X̄]2 ×
∑np


j=1[Y (j)− Ȳ ]2
, (33)


where X and Y are the set of in-situ and remote sensing aerosol measurements, respectively, respectively. Additionally, the555


p-value, which is the probability that the two parameters are not correlated (i.e., probability that the null-hypothesis is true), is


used to quantify the statistical significance of the correlation (i.e., r). To quantify the difference between two measures of the


same parameter, both bias and relative bias (RB) are used and defined as follows:


bias(j) = Y (j)−X(j) (34)


and560


RB(j) =
bias(j)


Y (j)+X(j)
× 2× 100%. (35)


To quantify the systematic error of a set of comparable measures the range-normalized root-mean square deviation (NRMSD),


the mean and standard deviation of bias (i.e., MB ± SB), and the mean and standard deviation of RB (i.e., MRB ± SRB) are


discussed within the results. The NRMSD is defined as follows:


and565


NRMSD=
100%


max(X)−min(X)
×


√∑np


j=1[Y (j)−X(j)]2


np
. (36)


In this paper, statistical consistency is determined to be successful for a given ambient aerosol property if NRMSD < 25%,


r > 0.8, and p-value < 0.05. Additionally, RSP is considered consistent for a given ambient aerosol property if the extinction
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weighted mean ± standard deviation values are within the RSP uncertainty values for that property listed in Table 2. If the


results are within 5% of these values, they are considered “partially successful”. Otherwise, they are considered unsuccessful.570


3 Results and Discussion


3.1 Statistical Analysis


3.1.1 Synthetic consistency


Now, consistency of ISARA-derived in-situ IRI and κ with synthetically-generated ones is presented. Before delving into these575


comparisons, synthetically-generated size distribution data are shown to provide context on how synthetic IRI and κ differ


from ISARA-derived ones (Fig. 5).


Figure 5. Logarithmic size-resolved aerosol particle (a) number concentration
(
no = dN


dlogD


)
, (b) surface area concentration


(
ao = dA


dlogD


)
,


and (c) volume concentration
(
vo = dV


dlogD


)
versus dry particle diameter (Ddry) from the 10,000 synthetic data points. The solid line


represents the arithmetic mean of each bin, the bottom and top dashed lines represent the minimums and maximums of each bin, respectively,


and the color bar indicates density of points in a given area of the plot.


24



Text Replaced�

Text

[Old]: "weighted mean ± standard deviation values are within the" 
[New]: "(Rolph 670"



Annotation Attributes Changed�

Annotation

 



Text Replaced�

Text

[Old]: "RSP uncertainty values for that property listed in Table" 
[New]: "et al.,"



Annotation Attributes Changed�

Annotation

 



Text Replaced�

Text

[Old]: "2. If the 570 results are within 5% of these values, they are considered “partially successful”. Otherwise, they are considered unsuccessful. 3 Results and Discussion 3.1 Statistical Analysis 3.1.1 Synthetic consistency 575 Now, consistency" 
[New]: "2017). 4 Results and Discussion 4.1 Synthetic Consistency Results Here we present a consistency analysis"



Text Replaced�

Text

[Old]: "ones is presented. Before delving" 
[New]: "data. Before delving 675"



Annotation Attributes Changed�

Annotation

 



Text Inserted�

Text

"6)."



Text Deleted�

Text

"5)."



Image Deleted�

Image

 



Text Deleted�

Text

"� � � � Figure 5. Logarithmic size-resolved aerosol particle (a) number concentration � � n o = d log dN D , (b) surface area concentration a o = d log dA D , and (c) volume concentration D versus"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"dry particle diameter (Ddry)"



Text Deleted�

Text

"from the 10,000 synthetic data points. The solid line"



Text Deleted�

Text

"v"



Text Deleted�

Text

"o = d log dV represents the arithmetic mean of each bin, the bottom and top dashed lines represent the minimums and maximums of each bin, respectively, and the color bar indicates density of points in a given area of the plot."



Text Deleted�

Text

"24"







The synthetic size distribution data are contained within the range of number and volume concentrations observed during AC-


TIVATE (Fig. 1), but the synthetic data see overall much less variance. Future work could explore the impacts of adjusting the


synthetic size distribution creation process to analyze the impact of low total concentration conditions.580


As mentioned in Sect. 2.5, these theoretical size distributions are used to generate synthetic IRI and κ values. These synthetic


values are now compared to corresponding ISARA-derived data (Fig. 6). Of the 10000 synthetically generated data points,


73.51% have successful retrieval of both IRI and κ. There are 5.28% lost between the IRI retrieval and the κ retrieval that


corresponds to a success rate = 92.82%, which is close to the 95.03% success rate observed in the ACTIVATE retrieval of κ. It585


is observed that both IRI and κ comparisons show strong correlation coefficients of 0.99 and 0.98, respectively. Additionally,


the biases (MRB ± SRB) are centered near zero which are -0.9 ± 20% and 3 ± 28% for IRI and κ, respectfully. Based on


these observations, the NRMSD for IRI and κ are 9% and 8%, respectively.


Figure 6. Heat map scatterplot of ISARA-retrieved versus synthetic (a) IRI (count = 7351, r = 0.99, MRB ± SRB = -0.9 ± 20%, and


NRMSD = 9%) and (b) κ (count = 6823, r = 0.98, MRB ± SRB = 3 ± 28%, and NRMSD = 8%). The dashed line represents the one-to-one


line and the color bar indicates density of points in a given area of the plot.
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In the algorithm’s current state, it is expected that the ISARA-derived IRI and κ each agree within 30% under ideal assumptions590


of spherical particle shapes, a spectrally flat CRI, and a well-constrained RRI. Given the strong correlations and low biases, it is


found that error as a result of forward modeling for spherical particles with a constrained dry RRI (1.51 ≤ RRI ≤ 1.55) should


not have a significant impact on the retrieval of a single effective IRI and κ from the size distribution, scattering coefficient,


and absorption coefficient data measured during missions such as ACTIVATE.


595


To demonstrate the functionality of this analysis, the synthetic data generation and retrieval processes were repeated with zero


measurement noise, which results in a rate of successful retrievals of 100%. Synthetic consistency analysis can be extended


further to include non-spherical particles, particles without a constrained RRI, and increasing the number of successful re-


trievals under higher noise and lower signal conditions (e.g., lower aerosol particle concentrations, weakly scattering or weakly


absorbing aerosol particles).600


3.1.2 Internal Consistency


As mentioned in the Introduction and Sect. 2, ISARA-calculated in-situ data are first closed with corresponding measurements


from ACTIVATE’s in-situ instruments to verify the robustness of the algorithm’s retrieval method. First, ISARA retrievals of


dry scattering and absorption coefficients are verified against corresponding measurements from the nephelometer and PSAP605


described in Sect. 2.3 (Fig. 7). A total of 19571 in-situ data points met the following criteria: (1) cloud-free conditions, (2)


signal > 1 Mm−1 in all three dry scattering measurements, (3) signal > 0 Mm−1 in all three dry absorption measurements, and


(4) at least three non-zero no measurements from both the SMPS and LAS instruments. Of these 19571 data points, there are


12319 points that had the successful retrieval of CRI and 12319 had the successful retrieval of both CRI and κ. The observed


successful retrieval rate
(


number of successful retrievals
number of attempts


)
for dry CRI alone is 62.95%, which is lower than the success rate of610


73.51% observed for the synthetic consistency analysis (Sect. 3.1.1). Compared to the synthetic data set, the relatively lower


retrieval success rate observed in the measured data set could be an indication that some of the measured data might be influ-


enced by particles that violate the sphericity or the spectrally flat CRI assumptions. The lower retrieval success rate could be


as a result of higher measurement noise than prescribed in the generation of the simulated data.


615


It is observed that for all three wavelengths, the two sets of dry scattering coefficient measurements correlate nearly perfectly


(i.e., r = 0.99) and agree within 2% of each other in terms of NRMSD. Across all three channels, the ISARA-derived MRB


is <10% compared the measured dry scattering coefficient, which indicates the measurements are systematically higher values


than ISARA retrieves. Furthermore, the SRB ranges from 8 to 11% which suggests that there is an apparent non-zero bias


in the ISARA forward model. Sources of this bias could be the assumption of a spectrally flat CRI and the assumption of a620


well constrained RRI of 1.53 ± 0.02. Because this bias increases with increasing wavelength, it is possible that some of this


discrepancy is due to larger particles that are more commonly comprised of dust, but this trend only accounts for a few percent


difference in MRB accounts for a difference is a few percent of MRB. Finally, the MB ± SB that resulted from the comparisons
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Figure 7. Heat map scatterplots of measured versus ISARA-derived in-situ values of dry scattering coefficient at (a) 450 nm (r = 0.99, MRB


± SRB = 9 ± 8%, NRMSD = 2%), (b) 550 nm (r = 0.99, MRB ± SRB = 3 ± 8%, NRMSD = 1%, and (c) 700 nm (r = 0.99, MRB ± SRB


= 6 ± 11%, NRMSD = 1%). Also plotted are measured versus ISARA-derived in-situ values of dry absorption coefficient at (d) 470 nm (r


= 0.96, MB ± SB = 0.03 ± 0.30 Mm−1, NRMSD = 3%), (e) 532 nm (r = 0.95, MB ± SB = -0.03 ± 0.28 Mm−1, NRMSD = 3%), and (f)


660 nm (r = 0.93, MB ± SB = -0.01 ± 0.24 Mm−1, NRMSD = 4%). There are 12319 ISARA retrievals that resulted from the ACTIVATE


2020–2022 data set. The dashed line represents the one-to-one line and the color bar indicates density of points in a given area of the plot.


in scattering for all three channels range from 0.5 ± 1.6 Mm−1 to 1.9 ± 2.8 Mm−1, which suggests that the ISARA-derived


products are less reliable at relatively low scattering signal (i.e., signal < 5 Mm−1).625


Dry absorption is also internally consistent as seen by strong r (0.96, 0.95, and 0.93) and NRMSD (3%, 3%, and 4%) values. As


with the scattering coefficient comparisons, the MB between the ISARA- and PSAP-derived dry absorption are small relative
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to the measurement uncertainty. The MB ± SB ranges from -0.03 ± 0.28 Mm−1 to 0.03 ± 0.30 Mm−1, which would indi-


cate that the corresponding MRB values observed in the ISARA-derived absorption data are less reliable when the absorption630


signal is <1 Mm−1. Other reasons for the MRB observed in the absorption comparisons could be the errors associated with


size distribution measurements such as differences between optical and mobility particle diameters, loss of small and larger


particles through the sampling system, and instrument counting efficiencies. Overall, internal consistency of the dry absorption


coefficient is deemed successful, but it is important to keep these biases in the absorption and scattering coefficients in mind


when calculating secondary optical properties that rely on it, such as Cext and SSA.635


Now, ISARA retrievals of the wet scattering coefficient (Cscat,wet) and f(RH) are evaluated to test how well the κ retrieval


performs before calculating final ambient aerosol properties (Fig. 8).


Figure 8. Heat map scatterplot of measured versus ISARA-derived in-situ values for (a) wet scattering coefficient (Cscat,wet) at 550 nm (r =


1.00, MRB ± SRB = 0.9 ± 0.1%, NRMSD = 0.2%) and (b) hygroscopic amplification factor (f(RH)) at 550 nm (r = 1.00, MRB ± SRB =


0.9 ± 0.1%, NRMSD = 0.4%) from the 10842 successful ISARA retrievals that resulted from the 2020–2022 ACTIVATE data. The dashed


line represents the one-to-one line and the color bar indicates density of points in a given area of the plot.


Strong correlation coefficients (r = 1.00), strong agreement (NRMSD = 0.2% and 0.3%), and low bias (MRB ± SRB = 0.9640


± 0.1%) are seen between the two data sets. Future iterations of ISARA can involve implementing multiple κ parameters and
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having a non-soluble mode, which has been shown to be useful in other consistency studies (van Diedenhoven et al., 2022).


Based on the conditions detailed in Sect. 2.7, Cscat,wet and f(RH) at 550 nm are deemed internally consistent with the ISARA-


derived values. The internal checks demonstrate that in a "perfect model" world the system works. In the next section we can


examine how consistent the ISARA-derived aerosol products are as compared to the under-determined environmental system645


that relies on coordinated sampling by separate platforms and various retrieved ISARA and HSRL-2-products.


3.1.3 External Consistency


After performing the procedures detailed in Sect. 2, ISARA-derived in-situ measurements of aerosol properties can be com-


pared to coincident HSRL-2 and RSP retrievals for 2020–2022 ACTIVATE data. There are a total of 49 vertical profiles that650


have both an absence of clouds and meet the required collocation thresholds. Of the 49 vertical profiles, 10 of them have at least


3 points of comparison between the in-situ and HSRL-2 data. The ancillary information, RSP-, HSRL-2-, and ISARA-derived


AOD, as well as the r and p-value resulting from the comparison of HSRL-2- and ISARA-derived Cext at 532 nm for these 10


cases are listed in Tables 3 and 4.


Table 3. Ancillary data for each of the 10 case studies. Ancillary information includes the case number, the profile start and stop times, the


associated RSP sample time, the minimum and maximum altitudes sampled by the Falcon (i.e., in-situ) aircraft, the number of smoke counts


above 2.5 km identified by the HSRL-2, the RSP-derived total, fine-mode, and coarse-mode AOD, the HSRL-2-derived AOD, in-situ-derived


AOD, and the horizontal separation between the Falcon and King Air. All dates and times are provided in coordinated universal time (UTC)


and in the format "year-month-day" and "hour:minute:second", respectively.


Altitude (km) Platform


Case


#


Date Profile


start


Profile


end


RSP


time


Min Max Smoke


counts


HSRL-2


LDR


Separation


(m)


1 2020-09-03 15:08:41 15:13:37 15:10:10 360 2460 0 0.01 12


2 2021-03-04 17:59:53 18:05:45 18:03:16 458 1578 0 0.01 61


3 2021-03-09 16:29:26 16:32:52 16:32:20 387 1380 0 0.02 121


4 2021-03-12 17:45:09 17:50:21 17:45:38 413 1449 0 0.02 13685


5 2021-03-12 19:57:40 20:01:06 19:59:56 415 1535 0 0.02 7


6 2021-06-15 16:11:58 16:17:01 16:13:50 504 1268 4 0.02 1840


7 2022-03-03 14:56:17 15:22:48 15:19:24 238 4499 0 0.03 1829


8 2022-03-22 19:13:50 19:21:14 19:20:26 304 1683 0 0.04 82


9 2022-05-20 14:29:36 14:34:41 14:30:22 435 1466 18 0.03 319


10 2022-05-31 12:51:37 12:54:55 12:54:51 388 1256 0 0.02 893


The ancillary information (Table 3) includes the case number, the profile start and stop times, the associated RSP sample time,655


the minimum and maximum altitudes sampled by the Falcon aircraft, the number of smoke counts above 2.5 km identified by
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Table 4. Aerosol optical depth data derived from RSP, HSRL-2, and ISARA for each of the 10 case studies. Also shown are the r and p-value


resulting from the comparison of HSRL-2- and ISARA-derived Cext at 532 nm, as well as the number of points available for comparison


within each profle.


RSP AOD Cext


Case


#


Total Fine Coarse HSRL-2


AOD


in-situ


AOD


r p-value count


1 0.23 0.23 0.00 0.23 0.08 0.84 0.16 4


2 0.16 0.16 0.00 0.15 0.05 0.72 0.49 3


3 0.12 0.12 0.00 0.08 0.02 0.69 0.51 3


4 0.16 0.11 0.05 0.13 0.05 0.90 0.10 4


5 0.16 0.10 0.06 0.12 0.05 0.97 0.16 3


6 0.19 0.18 0.01 0.18 0.01 0.58 0.60 3


7 0.12 0.10 0.02 0.08 0.08 0.95 0.00 13


8 0.20 0.11 0.09 0.15 0.08 0.80 0.10 5


9 0.45 0.39 0.06 0.45 0.09 0.28 0.72 4


10 0.19 0.19 0.00 0.17 0.04 0.92 0.25 3


the HSRL-2, HSRL-2-derived column-averaged LDR, and the horizontal separation between the Falcon and King Air. All dates


and times are provided in coordinated universal time (UTC) and in the format “year-month-day” and “hour:minute:second”,


respectively. The smoke counts above 2.5 km are taken to be the sum of all the altitude bins above 2.5 km that are flagged as


smoke from from the HSRL-2 typing product (Burton et al., 2012).660


Data from the 49 profiles provide the data for studying consistency of ambient Cext, Cbsc, LR and N . The ambient 355 nm


Cext and Cbsc are available for 82 points of comparison. The ambient 355 nm and 532 nm LR are available for 75 and 91 points


of comparison. First, we present the results of the HSRL-2 and in-situ Cext, Cbsc, and LR consistency analysis (Figs. 9a-9h),


which will be followed by a discussion of the N consistency analysis (Fig. 9i).665


The HSRL-2- and ISARA-derived ambient Cext are moderately correlated with a r of 0.81, 0.69, and 0.44 for the 355, 532, and


1064 nm wavelengths, respectively. The p-value for the ambient Cext data are also much less that 1 (i.e., p-value < 10−4) in


all three wavelengths. The MRB ± SRB are 44 ± 42%, 35 ± 52%, and 8 ± 55% for the 355, 532, and 1064 nm wavelengths,


respectively. These MRB indicate that the in-situ data data is biased low from the HSRL-2, showing that the in-situ instruments670


retrieve lower values of Cext than the HSRL-2 throughout the ACTIVATE campaign. This finding is also supported by the


NRMSD that ranges from 18 to 20%. This low bias result is also seen in Sawamura et al. (2017), which are MRB ± SRB =


31 ± 5% and 53 ± 11%, for California and Texas, respectively. As discussed above, Sawamura et al. (2017)’s algorithm only


considers fine-mode species in its analysis but ISARA accounts for the coarse-mode aerosol by using the CAS, CDP, or FCDP
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Figure 9. Scatterplots of the following vertically resolved aerosol particle properties: (a) 355 nm extinction coefficient (Cext), (b) 532 nm


Cext, (c) 1064 nm Cext, (d) 355 nm backscatter coefficient (Cbsc), (e) 532 nm Cbsc, (f) 1064 nm Cbsc, (g) 355 nm lidar ratio (LR), (h)


532 nm LR, (i) N , using 2020–2022 ACTIVATE data. The points of each panel are colored by the sample altitude in km, and the dashed line


represents the one-to-one line. The error bars shown indicate the standard deviation of a given aerosol property. The consistency statistics for


these data are shown in Table 5.


data and assuming the particles have the optical and microphysical properties of hydrated sea salt as described in Sect. 2.4.675


Similar to the internal consistency analysis, it is observed that the MB ± SB are fairly small and range from 1 ± 11 Mm−1 to


31 ± 31 Mm−1, which suggests that the MRB are partially inflated by low signal or noisy conditions. This is further supported


by observing the standard deviation (i.e., the error bars) of each point that often encompass the 1-to-1 line.
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Table 5. Consistency statistics resulting from the comparisons of the vertically resolved aerosol properties of spectral Cext, Cbsc, and LR, as


well as N . The consistency statistics shown correspond to the scatterplots shown on Fig. 9.


Aerosol Property λ (nm) MB ± SB MRB ±


SRB (%)


NRMSD


(%)


r p-


value


count


Cext (Mm−1)


355 30 ± 31 44 ± 42 19 0.81 0.00 82


532 15 ± 21 34 ± 52 18 0.69 0.00 98


1064 1 ± 11 8 ± 55 20 0.44 0.00 98


Cbsc (Mm−1sr−1)


355 0.7 ± 0.9 42 ± 59 20 0.67 0.00 82


532 0.4 ± 0.7 29 ± 55 18 0.63 0.00 98


1064 0.03 ± 0.46 -1 ± 63 17 0.54 0.00 98


LR (sr)
355 0.3 ± 21 -5 ± 42 22 0.22 0.06 75


532 4 ± 19 1 ± 47 23 0.29 0.01 91


Optical N (cm−3) – 135 ± 581 0.5 ± 68 21 0.46 0.00 98


The consistency statistics between HSRL-2- and ISARA-derived ambient Cbsc and LR shows moderate to poor correlation680


especially for LR that has the lowest r and highest p-value, relative to Cext,Cbsc, and N . While the correlations are generally


weaker for Cbsc and LR, relative to Cext, the bias statistics indicate that the low correlation does not necessarily imply a lack


of agreement.


The Cbsc MRB ± SRB are 42 ± 59%, 29 ± 55%, and -1 ± 63% for the 355, 532, and 1064 nm wavelengths, respectively.685


The MB ± SB are 0.7 ± 0.9 Mm−1sr−1, 0.4 ± 0.7 Mm−1sr−1, and 0.03 ± 0.46 Mm−1sr−1 for the 355, 532, and 1064 nm


wavelengths, respectively. Finally, the NRMSD range from 17–20%, which decreases with increasing wavelength. From these


statistics, we can observe that Cbsc is constrained within 1 Mm−1sr−1 in all three wavelengths, however the fidelity does de-


crease for the 1064 nm channel. As mentioned before, the 1064 nm channel is a retrieved product and as such this decrease in


fidelity is somewhat expected.690


The standard deviations in LR often encompass the 1-to-1 line and the MB is centered near zero for both wavelengths. The


NRMSD resulting from the LR comparisons are 22 and 23% for the 355 and 532 nm wavelengths, respectively. The standard


deviations in LR are much larger than what is observed in the Cext and Cbsc comparisons. This combined with the range in


observed LR in both wavelengths that is 20-100 sr suggests that this property is not well constrained.695


It is observed that there is a systematic underestimation between ISARA- and HSRL-2-derived 355 and 532 nm Cext and Cbsc,


however this is more important at lower signals (Cext<50 Mm−1 and Cbsc<1 Mm−1sr−1). This discrepancy with the remote
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sensors is likely due to the loss of particles from the diameter cutoff of the inlet and through the in-situ sampling pathways as


discussed in the Introduction and undersampling of the coarse aerosol particles by the CAS, CDP, and FCDP. Although in-situ700


values are lower than the HSRL-2 ones, reasonable agreement is evident by the MB ± SB ranges. These results indicate that


further work is needed to fully close HSRL-2- and in-situ-derived Cext and Cbsc, however the method does result in ambient


extinction that meet the benchmarks set by previous works (e.g.,; Sawamura et al., 2017). By using ACTIVATE data for this


analysis, the extinction product does work as expected even in conditions where coarse-mode sea salt is impacting the aerosol


extinction. Future work can investigate improved methods for measuring coarse-mode aerosol from in-situ aircraft.705


Next, jointly-retrieved HSRL-2+RSP- and ISARA-derived N are compared (Fig. 9i and Table 5). These comparisons result


in r of 0.46, MRB ± SRB of 0.5 ± 68%, MB ± SB of 135 ± 581 cm−3, and NRMSD of 21%. These results have a relative


bias centered near zero. Other than this lower bias, agreement in terms of NRMSD is comparable to the Cext results. Similar


to Cext and LR, the standard deviations in the HSRL-2+RSP-derived N often encompass the 1-to-1 line. While the correlation710


for vertically resolved N comparisons is weak compared to vertically resolved NLAS (0.76 in Schlosser et al. (2022)), the r


values from a profile that had a statistically significant correlations for 532 nm extinction (p-value < 0.05) is 0.95 for case 7


(see Table 3). Case 7 is also the only profile with more than 5 points for comparison and the conditions observed during this


case study are such that it is investigated more in Sect. 3.2. Overall, the N comparisons are considered to be closed relatively


successfully when compared to results of Schlosser et al. (2022)’s evaluation of HSRL-2+RSP-derived N using N derived715


from ISARA.


3.2 Case Study


A case flight (Research Flight 131 on 3 March 2022) is chosen from Table 3 to examine how well ambient in-situ aerosol opti-


cal and microphysical measurements produced by ISARA compare with analogous RSP retrievals, which has not been shown720


in literature to date. Additionally, this case allows us to examine consistency of the vertically resolved properties for a case


with an in-situ profile that extends more than 1 km. On this day, a “unicorn” module was performed (Sorooshian et al., 2023),


where the Falcon aircraft performed a spiral from an altitude of 238 m to an altitude of 4,499 m to fully vertically-sample a


rich aerosol layer identified as having urban/pollution and dust species as determined by the HSRL-2 aerosol typing algorithm


(Burton et al., 2012). The Falcon spiral began at 14:56 UTC and ended at 15:22 UTC while the RSP sample time was at 15:19725


UTC. The distance of the Falcon-in-situ spiral to the nearest valid RSP-King Air overpass was 1.8 km for this clear-sky aerosol


scene over the ocean. No cloud contamination was identified in the HSRL-2, RSP, or camera images.


The four-day Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories are run at the altitudes of


500, 1500, and 3000 m above sea level, at 16:00 UTC on 3 March 2022, and at the location of the “unicorn” spiral (Fig. 10).730


These back trajectories use the meteorological data from the North American Mesoscale Forecast System (NAM) 12×12 km2


HYSPLIT meteorological data set. From these back trajectories, it is evident that the air mass that was sampled during this case
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was outflow from North America. This information indicates that the fine-mode particles being sampled were anthropogenic


in origin and are likely sulfate-dominated mixtures with organic aerosol species. This is what would also be expected for this


marine environment based on climatological evidence (Braun et al., 2021)..735


Figure 10. Four-day Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) back trajectories end at the altitudes of 500, 1500,


and 3000 m above sea level, at 16:00 UTC on 3 March 2022, and at the location of the “unicorn” spiral (Case 7) from Research Flight 131.


Figure 11 shows the profiles of vertically resolved Cext, Cbsc, and LR in all available wavelengths. Figure 12 shows the HSRL-


2+RSP-derived N , HSRL-2-derived LDR, and the measured ambient RH. The remaining panels show the vertical profiles of


ISARA-derived κ, RRI, IRI, fine-mode SSA, total SSA, fine- and coarse-mode reff , and fine- and coarse-mode veff . These


panels also illustrate how the column-averaged properties derived from the RSP compare to the vertically resolved data derived740


from the ISARA. The consistency statistics resulting from the comparisons of the vertically resolved aerosol properties are


illustrated by Table 6.
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Figure 11. Vertical profiles of HSRL-2-derived (circles) and ISARA-derived (triangles) ambient Cext at (a) 355 nm, (b) 532 nm, and (c)


1064 nm wavelengths, Cbsc at (d) 355 nm, (e) 532 nm, and (f) 1064 nm wavelengths, LR at (g) 355 nm and (h) 532 nm wavelengths, and (i)


N from case study 7 that occurred during Research Flight 131 on 3 March 2022. The error bars shown indicate the standard deviation of a


given aerosol property.


Although smoke aerosol could be present (Fig. 13), aerosol loading is low (AOD of 0.08 (HSRL-2) and 0.12 (RSP)) and the


HSRL-2 is not detecting smoke counts in the vertical profiles shown (Table 3). Note that the vertical extent of the Falcon’s745


profile is 4261 m. It appears there are increasing absorbing aerosol particles closer towards the surface, which is supported by


35



Image Deleted�

Image

 



Text Deleted�

Text

"Figure 11. Vertical profiles of"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"HSRL-2-derived (circles) and"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"ISARA-derived"



Text Deleted�

Text

"(triangles) ambient"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"C ext"



Text Deleted�

Text

"at (a) 355 nm, (b) 532 nm, and (c) 1064 nm wavelengths,"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"C bsc"



Text Deleted�

Text

"at (d) 355 nm, (e) 532 nm, and (f) 1064 nm wavelengths,"



Annotation Deleted�

Annotation

 



Text Deleted�

Text

"LR at (g) 355 nm and (h) 532 nm wavelengths, and (i)"



Annotation Deleted�

Annotation

 



Text Replaced�

Text

[Old]: "N from case study 7 that occurred during Research Flight 131 on 3 March 2022. The error bars shown indicate the standard deviation of a given aerosol property. Although" 
[New]: "Although some"



Font "CMMI9" changed to "NimbusRomNo9L-Regu".
Font-size "8.9664" changed to "9.9626".



Text Replaced�

Text

[Old]: "13)," 
[New]: "14),"



Text Inserted�

Text

"with an"



Text Replaced�

Text

[Old]: "(AOD" 
[New]: "AOD"



Text Replaced�

Text

[Old]: "(RSP))" 
[New]: "(RSP),"



Text Deleted�

Text

"745"



Text Replaced�

Text

[Old]: "profiles" 
[New]: "profile"



Annotation Attributes Changed�

Annotation

 



Text Replaced�

Text

[Old]: "4261 m." 
[New]: "4.26 km."



Text Deleted�

Text

"increasing"



Text Replaced�

Text

[Old]: "particles closer towards the surface, which is supported by" 
[New]: "in the mixing layer, based on"







Figure 12. Vertical profiles of (a) RSP+HSRL-2-derived (red points) and ISARA-derived (black points) N , (b) ISARA-derived optical σext


at 532 nm, (c) HSRL-2-derived LDR, (d) in-situ-measured ambient RH, along with ISARA-derived (e) κ, ambient (f) RRI, (g) IRI, (h) fine-


mode (green diamonds) and total (black diamonds) SSA, (i) fine-mode effective radius (reff ), (j) coarse-mode reff , (i) fine-mode effective


variance (veff ), and (j) coarse-mode veff from case study 7 that occurred during Research Flight 131 on 3 March 2022. The dashed magenta


lines and shaded regions on panels (b) and (f)–(i) are the column-averaged properties and their associated uncertainties derived from the


RSP. Panel (h) has an additional green dashed line and shaded region that represents the fine-mode SSA derived from the RSP. The error


bars shown indicate the standard deviation of a given aerosol property. The ISARA-, HSRL-2- and RSP-derived total AOD are 0.08, 0.08


and 0.12, respectively.


ambient IRI values near 0.015 (Fig. 12g) and lower SSA values near 0.91 (Fig. 12h). There is also an increasing fine-mode reff


and SSA seen above 2 km (Fig. 12h and 12i). It is also seen that ISARA-derived RH range is 40–55% that decreases to 10%
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Figure 13. NASA Worldview satellite image of fire presence (red points) during Research Flight 131 (3 March 2022) case flight with


locations of LaRC and the Falcon flight spiral labeled. This image is used to identify sources of smoke on this day and comes from the VIIRS


Fire and Thermal Anomalies product available from the NOAA-20 satellite (Schroeder et al., 2014).


at 4 km (Fig. 12d), which is not unexpected for a marine environment far off-shore in the winter (Sorooshian et al., 2019). It is


also evident from the 1064 nm Cext and the 355, 532, and 1064 nm Cbsc, that the near surface aerosol are distinctly different750


from the next highest data point (300 m). There is no available comparison with the ISARA-derived properties as the Falcon did


not sample that low in the atmosphere. This finding is particularity important to consider when examining the column-average


properties derived from the RSP. This near-surface elevated backscatter is likely due to sea salt near the ocean surface. This is


also an important finding because it indicates that lowering the minimum sample altitude within the marine environment could


help resolve some of the discrepancies seen in the statistical consistency analysis when comparing the vertically resolved com-755


parisons. Additionally, it appears there may be the presence of an elevated aerosol layer with low concentrations at altitudes


between 4 and 4.5 km.


the consistency statistics resulting from the vertically resolved data of case 7 further support that ISARA-derived aerosol prop-


erties are consistent with the HSRL-2-derived properties for the predominate aerosol particles observed in the North American760


outflow. With the exception of LR, the aerosol properties are well correlated with statistically significant correlations. Addition-


ally, the MB are centered on, or near, zero for all the properties considered in this study. In contrast to the statistical analysis,


this profile shows that ISARA-derived properties are slightly elevated in magnitude, relative to the HSRL-2-derived properties


on average, however this appears to be true mostly for the aerosol particles above 1 km when observing Cext and Cbsc in the


355 and 532 nm wavelengths. The LR comparisons, where available, for this profile appear to be within the standard deviations765
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of the HSRL-2-derived LR.


Table 6. Consistency statistics resulting from the comparisons of the vertically resolved aerosol properties of spectral Cext, Cbsc, and LR, as


well as N . The consistency statistics shown correspond to the vertical profile from for case study 7 shown on Figures 11 and 12a.


Aerosol Property λ (nm) MB ± SB MRB ±


SRB (%)


NRMSD


(%)


r p-


value


count


Cext (Mm−1)


355 5 ± 5 9 ± 30 7 0.99 0.00 13


532 0 ± 6 -4 ± 46 11 0.95 0.00 13


1064 -3 ± 2 -41 ± 21 15 0.99 0.00 13


Cbsc (Mm−1sr−1)


355 0.1 ± 0.3 -17 ± 41 16 0.98 0.00 13


532 0.0 ± 0.3 -25 ± 42 15 0.98 0.00 13


1064 -0.1 ± 0.1 -42 ± 44 15 0.97 0.00 13


LR (sr)
355 0 ± 10 -2 ± 20 39 -0.25 0.58 7


532 -1 ± 12 -7 ± 33 33 -0.54 0.21 7


Optical N (cm−3) – -88 ± 169 -12 ± 36 13 0.96 0.00 13


With these conditions in mind, the vertical profile of ISARA results are then averaged using Cext for weights to provide


column-averaged results (Table 7). The ISARA- and RSP-derived fine-mode veff and reff are in poor agreement, however the


remaining aerosol properties are within the standard deviations of each other and appear to be in reasonable agreement for770


this profile. It is observed that 532 and 1064 nm total SSA derived from the RSP are elevated relative to the ISARA-derived


counterparts. This is likely due to sea salt that was not sampled by the Falcon, which is supported by the elevated near surface


Cbsc.


Overall, in-situ and RSP derived products are in reasonable agreement under ideal conditions (Table 7). The only parameters775


that deviates significantly from the RSP retrieval error (see Stamnes et al., 2018) are ISARA-derived fine-mode reff and veff ,


which deviate by more than 0.03 µm and 0.11, respectively. This disagreement suggests that there are some fine-mode particles


that are not being sampled by the Falcon. While 532 and 1064 nm total SSA are within the expected retrieval error, the RSP


consistently sees higher total SSA in these channels. This disagreement in total SSA is likely due to coarse-mode sea salt


aerosol particles being under-sampled by the in-situ instruments due to the low counting efficiency of the CDP of particles in780


this size range. This could also explain why the aerosol extinction coefficient retrieved by in-situ methods is systematically low


as compared to HSRL-2 as resulted from the statistical analysis.
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Table 7. Ambient optical and microphysical aerosol particle properties for case study 7 derived from the ISARA and the RSP. Ambient


aerosol particle properties compared include the column-averaged properties of RRI, IRI, fine- and coarse-mode reff and veff , optical N and


σext, as well as spectral (355, 532, and 1064 nm) SSA for both the fine-mode and the total aerosol. The ISARA-derived extinction weighted


average properties are shown with the weighted standard deviation and the RSP-derived properties are shown with the expected error from


published sources where the measurement uncertainty was not available. The RSP retrieved fine- and coarse-mode AOD at 532 nm for this


case is shown on Table 3.


Aerosol Property ISARA RSP


Fine-mode reff (µm) 0.12 ± 0.005 0.15 ± 0.005


Fine-mode veff 0.16 ± 0.01 0.27 ± 0.02


Coarse-mode reff (µm) 2.45 ± 0.39 2.61 ± 0.28


Coarse-mode veff 0.28 ± 0.06 0.39 ± 0.08


Fine-mode RRI 1.52 ± 0.01 1.49 ± 0.01


Fine-mode IRI 0.017 ± 0.004 0.017 ± 0.003


Optical σext at 532 nm (µm2) 0.04 ± 0.01 0.04 ± 0.001


Optical N (cm−3) 1172 ± 411 1250 ± 246∗∗


Fine-mode SSA at 355 nm 0.91 ± 0.02 0.91 ± 0.02∗


Total SSA at 355 nm 0.91 ± 0.02 0.94 ± 0.04∗


Fine-mode SSA at 532 nm 0.90 ± 0.02 0.91 ± 0.02∗


Total SSA at 532 nm 0.91 ± 0.02 0.95 ± 0.04∗


Fine-mode SSA at 1064 nm 0.82 ± 0.04 0.84 ± 0.02∗


Total SSA at 1064 nm 0.91 ± 0.02 0.97 ± 0.04∗


∗ Stamnes et al. (2018)
∗∗ Schlosser et al. (2022)


4 Conclusions


This study introduces the In-Situ Aerosol Retrieval Algorithm (ISARA), a retrieval framework developed to enable one-to-one785


comparison of aerosol properties across platforms in order to assess the consistency between field campaign remote sens-


ing data sets and corresponding in-situ measurements, with the broader goal of driving rigorous external closure across field


campaign aerosol measurement platforms. Because remote sensing instruments retrieve aerosol properties under ambient con-


ditions, direct one-to-one comparison requires that dry in-situ measurements be converted to their ambient equivalents. ISARA


performs this conversion by retrieving complex refractive index (CRI) and physical hygroscopicity parameter from a standard790


suite of in-situ measurements. This work extends the methods established by Sawamura et al. (2017) by attempting to account


for coarse-mode aerosol particles in the bulk aerosol properties after retrieving the fine-mode CRI and κ. Similar the work


of Tsekeri et al. (2017), we account for the contribution of coarse-mode (ambient particle diameter > 1.0 µm) particles using


wing probe measurements. Incorporating the coarse-mode contribution enables more accurate comparison with ambient remote
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"S1). From a meteorological and transport standpoint, the aerosol seem to be outflow that has traveled a much shorter distance, relative to Case 7, but did 890 pass over several potential sources of smoke aerosol (see Figs."
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"ISARA-derived aerosol properties for Case 9. The expected disagreement stems from the following two findings: 1) the elevated smoke layer(s) identified by the 243 points 895 flagged as smoke above an altitude of 2.5 km by the"
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"Figure 15. Scatterplots of the following altitude-resolved aerosol properties: (a) 355 nm"
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"ACTIVATE data. The blue points are data from vertical profiles that contained 3 or more points, the red points are data from all vertical profiles, and the dashed line represents the one-to-one line. The error bars shown indicate the standard deviation of a given aerosol property. The consistency statistics for these data are shown in Table"
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"S3 for data from all profiles. is constrained within 1 Mm −1 sr −1 in all three wavelengths, but the fidelity does decrease for the 1064 nm channel. As men tioned before, the 1064 nm channel is a retrieved product and as such this decrease in fidelity is not necessarily reflective of 955 reality."
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sensing retrievals and supports rigorous consistency evaluation of field campaign aerosol data, as demonstrated in prior studies795


(Tsekeri et al., 2017). To evaluate the ability of ISARA to perform systematic consistency analysis, the algorithm is used on


data from the Aerosol Cloud meTeorology Interactions oVer the western ATlantic Experiment (ACTIVATE) mission, which is


chosen due to the campaign’s large volume of statistically-rich aerosol measurements collected over three years of operations.


Although the ACTIVATE region does feature a variety of aerosol and meteorological conditions, many of the ACTIVATE mis-


sions were carried out in cloud-free conditions without detectable influence from dust or smoke, making the data set well-suited800


for the consistency analysis performed in this study. Systematic consistency in this study is a three-fold effort: 1) internal con-


sistency, which compares ISARA-retrieved ambient in-situ measurements with corresponding data from ACTIVATE’s in-situ


instruments, 2) synthetic consistency, where ambient in-situ data calculated from theoretical size distribution and composition


data are compared to ISARA-derived in-situ values, and 3) external consistency, where ISARA-derived in-situ measurements


are used to evaluate corresponding remote sensing retrievals from ACTIVATE’s Second Generation High Spectral Resolution805


Lidar (HSRL-2) and Research Scanning Polarimeter (RSP) instruments.


Overall, this study demonstrates the successful retrieval of ambient aerosol properties from in-situ data in all three consistency


analyses. Internal consistency analysis show near-perfect correlations (r ≥ 0.96), strong agreement (NRMSD = 1%), and gen-


erally low bias (absolute MRB < 10%) between ISARA-calculated and measured in-situ data for the dry scattering coefficient,810


dry absorption coefficient, wet scattering coefficient, and f(RH). Synthetic consistency analysis shows that errors in the forward


model itself do not have a substantial influence on retrieved ambient aerosol properties since retrieved values of CRI and κ


for spherical particles with expected measurement noise are found to have a forward modeling error (i.e., NRMSD) of 9% and


8%, respectively. Also, external consistency between column-averaged RSP-derived fine-mode reff , CRI, and SSA under ideal


conditions is deemed successful. The RSP-derived ambient total N and fine-mode IRI, RRI, spectral SSA, reff , and N are815


all shown to be within expected error as compared to collocated in-situ data. These results demonstrate that external closure


of RSP-derived aerosol properties is achievable, motivating future applications across a broader range of aerosol regimes and


future field campaigns. However, it is important to note that the assumptions of perfectly spherical particles, of a single κ for all


fine-mode particles, and of a spectrally flat CRI can still introduce limitations in the current version of ISARA’s retrievals since


aerosol particles from species such as sea salt, smoke, and dust can be non-spherical, can have inhomogeneous composition,820


and can have a wavelength-dependent CRI.


Only partial success is observed when comparing the HSRL-2-derived extinction coefficient (Cext) to the corresponding IS-


ARA-derived measurement, which are only moderately correlated (r ranging from 0.44 to 0.81) when considering all valid


comparisons. Additionally, the in-situ-derived extinction coefficient and Cbsc appears to be low (MRB range from 8 to 44%)825


compared to the corresponding HSRL-2 measurement. This bias is likely due to under-sampling of coarse-mode aerosol species


within the in-situ measurements. The total SSA is also underestimated by ISARA, as seen by ISARA-derived total SSA being


low by 0.03 and 0.06 relative to the RSP-derived total SSA. Finally, the LR in both the 355 and 532 nm wavelengths appears


to be poorly constrained and there is a general lack of consistency as evidence from the statistical analysis. For the unicorn
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case, we do observe that LR is better constrained, but still shows a lack of correlation, a higher NRMSD, and wider spread in830


standard deviations, relative to Cbsc and Cext.


While there are limitations and implicit errors in the ISARA retrievals, as discussed above, the results presented in this study


demonstrate that these products are nonetheless valuable for evaluating the consistency of remote sensing measurements and


supporting progress toward systematic external closure. The retrieved CRI and κ values are also relevant for aerosol and climate835


modeling applications, further extending the utility of this framework. In addition, the retrieval approach is both replicable and


readily expandable. Although beyond the scope of this study, ISARA can be adapted for extended analyses that incorporate


non-spherical particles, alternative coarse-mode representations, and non-soluble components of the aerosol distribution. Taken


together, these capabilities suggest that the framework developed here can be applied beyond the ACTIVATE field campaign


to advance efforts toward comprehensive closure of field campaign aerosol data sets.840


Code availability. The ISARA codebase can be found at https://github.com/sdmitrovic/ISARA_code. A dedicated website for ISARA has


been created, where instructions on how to download and use this code are found. The website is located at https://sdmitrovic.github.io/


ISARA_code/.


Data availability. Source ACTIVATE airborne data are available with the ISARA-derived ambient aerosol properties through https://asdc.
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