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Abstract: Aerosol columnar size distributions (SDs) are commonly provided by aerosol inversions
based on measurements of both spectral extinction and sky radiance. These inversions developed
for a fully clear sky offer few SDs for areas with abundant clouds. Here, we estimate SDs from
spectral extinction data alone for cloudy coastal and maritime regions using aerosol refractive
index (RI) obtained from chemical composition data. Our estimation involves finding volume and
mean radius of lognormally distributed modes of an assumed bimodal size distribution through
fitting of the spectral extinction data. We demonstrate that vertically integrated SDs obtained from
aircraft measurements over a coastal site have distinct seasonal changes, and these changes are
captured reasonably well by the estimated columnar SDs. We also demonstrate that similar seasonal
changes occur at a maritime site, and columnar SDs retrieved from the combined extinction and sky
radiance measurements are approximated quite well by their extinction only counterparts (correlation
exceeds 0.9) during a 7-year period (2013–2019). The level of agreement between the estimated and
retrieved SDs depends weakly on wavelength selection within a given spectral interval (roughly
0.4–1 µm). Since the extinction-based estimations can be performed frequently for partly cloudy
skies, the number of periods where SDs can be found is greatly increased.

Keywords: aerosol size distributions from ground-based and aircraft observations; aerosol refractive
index from chemical composition data; coastal and maritime sites with low aerosol loading and
abundance of clouds

1. Plain Language Summary

As sunlight streaks through the atmosphere, it is attenuated and scattered by aerosol
particles. Attenuation of sunlight occurs directly between the sun and the ground observer;
this attenuation produces scattered light that illuminates the entire sky. The size and
number of particles determine how the attenuation and scattering of sunlight change
with wavelength and explain, for example, delightful sunsets with yellow-to-red colors.
Traditionally, researchers use ground-based measurements of the sunlight attenuation
and scattering to get comprehensive information about particles, including their number,
size, shape, and chemical content. However, there is accumulating evidence that such
information can rarely be collected mostly because of the frequent presence of clouds
located above a ground-based instrument. These clouds can contribute strongly to the
measured sunlight scattering, thus making inferences of aerosol properties impossible. In
contrast, these clouds have no impact on sunlight attenuation if they do not block a straight
line between the Sun and the observing instrument. In the current work, the individual
ground-based measurements of the sunlight attenuation at different wavelengths are used
to find particles number and size, called the size distribution, for maritime and coastal sites
with abundant clouds. It is demonstrated that the aerosol size distributions obtained from
the combined (attenuation and scattering) and individual (attenuation only) measurements
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in the coastal and maritime environment are, on average, in a good agreement. Since
the sunlight attenuation can be measured much more frequently than attenuation and
scattering together, the attenuation-only based size distributions will provide a more
complete picture of how particles behave in time and space and interact with sunlight
and clouds.

2. Introduction

Studies with focus on regional and global climate change are primarily concerned with
size spectra of aerosol particles in a vertical atmospheric column, the so-called columnar
size distributions (SDs) [1,2]. These distributions are commonly acquired from spectrally
resolved aerosol optical depth (AOD) and sky radiance measured by Cimel sunphotome-
ters (CSPHOTs) as part of the National Aeronautics and Space Administration (NASA)
Aerosol Robotic Network (AERONET [3]). The crucial limitation associated with this SD
acquirement is that successful AERONET inversions [4,5] need mostly clear-sky conditions.
Many locations around the world are characterized by frequent occurrence of clouds. This
is especially true for coastal and maritime areas with abundant clouds [6,7]. As a result,
aerosol size spectra obtained from the combined direct-sun and sky-scanning measure-
ments over these areas can be extremely rare. To illustrate, a low rate of the successful
SD retrievals (less than two per month, on average) has been documented recently for a
maritime area [6]. Obviously, such a low rate hinders many climate-related applications.

It has been argued for more than four decades that it is possible to estimate the SD
reasonably well from AODs measured at several wavelengths [8–12]; however, a complete
practical solution still escapes us. Such a possibility has been illustrated, for example, by
Sayer et al. [11], for a marine environment. The researchers have estimated two parameters
defining columnar volumes of small and large particles using AODs measured mostly at
four (0.44, 0.675, 0.87, 1.02 µm) wavelengths and specified climatological values of the
complex refractive index (RI) [13]. There is a perception that one of the main difficulties
encountered in obtaining such solution is determining the complementary information
regarding aerosol type, because AOD is a function of both the SD and the complex RI [14],
and the chemical composition of the aerosol determines the RI and its temporal and spatial
changes [15,16]. It should be emphasized that reliable values of the retrieved RI can be
offered by the established aerosol inversions only under favorable observational conditions,
defined by high aerosol loading (AOD > 0.4 at 0.44 µm wavelength) and mostly clear-sky
environments [17,18]. The vast majority (~95%, globally) of AODs measured at 0.44 µm
wavelength are below the 0.4 threshold [19]. When faced with unfavorable conditions
observed, for example, in marine and coastal areas, another potential approach is to use
the RI obtained from chemical composition data.

Here, we consider estimation of four essential parameters of volume size spectra from
the spectrally resolved AODs for the coastal and maritime environments with low aerosol
loading and abundance of clouds. Since these challenging environments are not suitable for
the reliable RI retrievals, we use chemical composition measurements for the RI estimation.
These four parameters describe the volume of large and small particles and volume mean
radius of these particles. There are two main questions we would like to answer: (1)
How do model SDs estimated from AOD measurements and the chemical-based RI match
SDs obtained from airborne measurements and those obtained by the established aerosol
inversions based on the combined AOD and sky radiance data? and (2) How sensitive are
SD estimations to selection of AODs at specific wavelengths and the chemical-based RIs?

To answer these questions, we use two datasets with the CSPHOT-measured AODs
and information on size spectra and the chemical composition of aerosol particles. The first
dataset represents coastal aerosol properties collected during the Two-Column Aerosol
Project (TCAP [20]) supported by the U.S. Department of Energy (DOE) Atmospheric
Radiation Measurement (ARM) User Facility (https://www.arm.gov/ accessed at 20 May
2021). The TCAP with summer and winter phases includes chemical composition data
collected by integrated airborne measurements over the U.S. coastal region (Cape Cod,
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Massachusetts), which characterizes crossroads of distinct air-mass flow patterns [20,21].
The second dataset defines maritime aerosol properties collected at the Eastern North
Atlantic (ENA) atmospheric observatory [22] established by the ARM user facility. The
ENA atmospheric observatory is located on Graciosa Island (Azores) in the northeastern
Atlantic Ocean west of Portugal. The ENA integrated observations include multi-year
ground-based measurements of the chemical composition.

3. Approach

The common element which links together all AOD-based estimations of SD [8–12] is
that they contain an AOD fitting component, which is a comparison of AODs measured
at several wavelengths with modeled AODs calculated from estimated SDs. Although
there are several ways for performing the AOD fitting, we outline only one of them in this
section. This fitting is a part of our method originally suggested for estimating aerosol
intensive properties for the ARM-supported continental site [10]. A further point worth
noting is that an expected reasonable agreement between the measured and model AODs
at selected wavelengths gives us no guarantees about the level of agreement between the
corresponding SDs. For example, different combinations of parameters describing SDs
of small particles can produce very similar optical properties for given RIs [23]. Thus,
we compare model SDs estimated from observed AODs with SDs offered by both the
airborne measurements and the established AERONET inversions (Section 4). It should be
emphasized that the model SDs considered here define estimated columnar size spectra
with an assumed shape—a combination of two lognormally distributed modes—and
wide size range (0.05–15 µm). To cover this wide range by in situ measurements, several
instruments are needed [24,25].

3.1. AOD Fitting

Our AOD fitting [10] has three main assumptions. The first assumption is a simplified
representation of columnar volume SD. It is assumed that it can be approximated by two
lognormally distributed modes, named here as “fine” and “coarse” modes, for representing
small and large particles, respectively. We define these modes explicitly below (Section 3.3).
However, there is some indication that three lognormally distributed modes can be em-
ployed for approximation of maritime-dominated aerosols, as well [26]. Each mode of
the estimated SD is described by three parameters: total volume (Cv), logarithmic volume
mean radius (rv), and geometric standard deviation (σv). These parameters characterize
the magnitude (Cv), position (rv), and width (σv) of each mode. The second assumption
is related to selection of unknown parameters. It was assumed that two parameters (Cv
and rv) for each mode are unknown, and the remaining parameters (σv) can be specified
using the corresponding climatological values [18]. Selection of the unknown parameters is
based on our sensitivity studies [10], which demonstrate that the calculated AOD depends
mostly on two model parameters (Cv and rv), and information on the third parameter (σv)
is of secondary importance. Finally, the AOD fitting requires an assumption about the
size-dependence of the complex RI. It is assumed that the same value of the RI can be used
for fine and coarse modes; this assumption implies that mixtures of chemical components
for both small and large particles have comparable values of the RI. Similar assumption of
size-independent RI is used in the conventional AERONET inversions [4,5].

The AOD fitting (Figure 1) relies on Mie calculations (for a given RI) of the model
AODs at several wavelengths from the assumed SD. These wavelengths are selected to
match wavelengths of the measured AODs. The four unknown parameters defined above
are chosen to compute a model SD with fine and coarse modes. Then, the computed SD
is fed into the Mie calculations, and the spectrally-dependent model AODs are found,
which are, in turn, used to calculate the root mean square error (RMSE) between the model
and measured AODs. The four SD parameters are varied to find the minimum RMSE.
Such RMSE minimization makes the model AODs as close as possible, on average, to
the measured AODs. Moreover, such minimization allows one to reduce the potential
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impact of the AOD uncertainties on the estimation of model parameters. If the RMSE after
minimization does not exceed a given threshold (e.g., 0.01), the solution set is considered
converged. To speed up the AOD fitting, look-up-tables of model AODs are generated for
the assumed parameters describing the model SD. Ranges of rv provided by the AERONET
inversions [13,18] are used to specify typical ranges of coastal- and maritime-dominated
aerosols: 0.12–0.24 µm (fine mode) and 1.65–3.53 µm (coarse mode). The corresponding
values of the third parameter (σv) are specified as 0.5 (fine mode) and 0.7 (coarse mode).
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Figure 1. Flowchart of the AOD fitting showing the three main steps regarding (1) choice of a set of
parameters (Cv and rv) for describing both fine and coarse modes of the model SD, (2) computation of
the model SD (symbol “mod”) and the corresponding spectrally resolved AOD using the chosen pa-
rameters, and (3) calculation of the root mean square error (RMSE) between the model and measured
spectrally resolved AODs. The AOD fitting works by repeatedly choosing a new set of parameters,
and then rejecting (magenta arrows) or accepting (green arrow) it with the RMSE threshold.

Two types of model SDs are estimated from AOD measurements alone. The first
type is referred as “CSPHOT” to define SD estimation based on AOD measured by the
CSPHOT at four wavelengths (0.44, 0.675, 0.87, 1.02 µm). In contrast to the inversion-based
SDs [4,5], sky radiance data are not used here. The second type is referred as “MFRSR-like”
is the same as the “CSPHOT” type, with one exception. The SD estimations are based on
AODs obtained at five wavelengths (0.415, 0.5, 0.615, 0.675, 0.87 µm) acquired from the
four CSPHOT AODs by extrapolation (0.415 µm) and interpolation (0.5, 0.615 µm). AODs
at these five wavelengths are provided by Multifilter Rotating Shadowband Radiometers
(MFRSRs) with widespread deployment [27,28]. Note, the AERONET direct Sun algorithm
provides AOD at eight wavelengths (0.34, 0.38, 0.44, 0.5, 0.675, 0.87, 1.02, 1.64 µm). Typically,
the overall uncertainty of the measured AODs is small (0.01–0.02) [3–5].

3.2. RI Estimation

Estimation of the model SDs from AOD measurements requires information on the
complex RI. The established AERONET inversions offer values of the ambient columnar
complex RI with high quality (Version 3, Level 2.0) under favorable observational condi-
tions, which define high aerosol loading (AOD > 0.4 at 0.44 µm wavelength) and mostly
clear sky [17,18]. Note that Andrews et al. [19] demonstrated that successful (Level 2)
AERONET inversions likely have a low rate: about 5% of the days, globally, and less
than 11% of the days over land. Alternatively, information on the complex RI can be
obtained from the chemical composition measurements. Below, we consider two options
related to the RI estimation from the chemical composition data (Section 3). The first
option represents a “complete” dataset where values of ambient complex RI are available
at several altitudes from integrated airborne data collected over U.S. coastal region (Cape
Cod). Certainly, these values are accessible only on a limited basis. The second option rep-
resents an “incomplete” dataset where values of dry real RI are available from near-surface
chemical composition measurements at the ENA site. Since such measurements are widely
available at many locations, this option can be considered as a “practical-oriented”. We
discuss the sensitivity of the model SD estimation to assumptions regarding the ability of
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particles to absorb water and the representativeness of the near-surface RI values for entire
atmospheric column (Section 5.3).

3.3. SD and AOD Comparison

To evaluate the model SDs, we consider (1) SDs obtained from the integrated airborne
measurements (TCAP) and (2) SDs offered by the conventional AERONET inversions (ENA
site). The airborne number SDs represent vertically integrated size spectra measured during
several flight legs (FLs) with different altitudes during the TCAP. To ensure an appropriate
comparison between the columnar model SDs and the vertically integrated observed SDs,
we apply the following three requirements. The first requirement defines “collocated” and
“coincident” SDs. The airborne SDs are considered as “collocated” and “coincident” with
the model size spectra if the selected FLs are in both spatial (within 100 km) and temporal
(within 2 h) vicinity of available ground-based AOD measured during the TCAP (Section 3.1).
The second requirement defines FLs suitable for calculation of the vertically integrated
SD. The selected “collocated” and “coincident” FLs are considered as appropriate if they
characterize at least four different altitudes. Application of these two requirements provides
21 appropriate FLs which denote three summer and two winter days (Section 3.1). The
third requirement involves normalization of the columnar model SDs and the vertically
integrated measured SDs using total numbers of particles. Such normalization is aimed
to remove effect of different particle concentrations (or aerosol loadings) on comparison
of the vertically integrated and columnar SDs. The measured SDs are considered as a
“reference” for evaluation of the corresponding model SDs estimated during the TCAP
campaign (Section 4.1). The SDs offered by the conventional AERONET inversions are
considered as a “reference” for evaluation of the model SDs estimated at the ENA site
(Section 4.2). It should be emphasized that the number of the inversion-based SDs obtained
with high quality (Version 3, Level 2.0) for 7-year period considered here (from 3 October
2013 to 23 June 2019) is quite small (529; or about six per month, on average). In contrast,
the corresponding number of AODs measured with high quality (Version 3, Level 2.0) is
large (10,863). In other words, the number of measured AODs exceed the number of the
inversion-based SD more than 20 times.

Two important notes should be made. First, the model SDs estimated from the
measured AODs represent volume size spectra (dV/dlnR). To convert them into their
number counterparts (dN/dlnR), we use the well-known relationship [13]:

dV
dlnR

=
4
3

πR3 dN
dlnR

. (1)

Second, the AERONET aerosol inversion provides both fine and coarse components of
the measured AOD (or total AOD). The corresponding size cut-off is determined as minimal
value of the inversion-based SD found within prearranged size range (0.439–0.992 µm).
Our analysis of the inversion data collected at the ENA site indicates that the minimal value
appears typically (more than 80% of time) at the smallest (0.439 µm) radius (R) from the
prearranged size range. We use this value (0.439 µm) as the cut-off for specifying explicitly
the fine (R < 0.439 µm) and coarse (R > 0.439 µm) particles occurred at the ENA site and,
thus, for specifying the corresponding fine and coarse components of the total AODs.

4. Data

Important aerosol properties required for estimation of the model SDs from the
measured AOD and their evaluation (Section 5) are considered here. These properties
characterize both the coastal (Section 4.1) and marine (Section 4.2) observational conditions
and include the “reference” size spectra obtained from both the airborne measurements
and conventional aerosol inversions, and site-dependent values of the RI obtained from
the chemical composition data using both the “complete” (Section 4.1) and “incomplete”
(Section 4.2) options. The major assumptions required for calculating ambient values of the
RI are highlighted, and the corresponding references are provided.
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4.1. TCAP Data

The TCAP campaign involves intensive observations performed by the U.S. DOE
Gulfstream-159 (G-1) aircraft [29] during summer (2012) and winter (2013). These aircraft
observations provide a comprehensive dataset related to important properties of clouds
and aerosol [20] and include the ambient SDs and RIs of particles [24,30]. The latter
represents a mixture of the measured chemical components and absorbed water. The
estimation of the ambient complex RI involves two major steps: (1) calculation of its dry
values using well-known values of the complex RIs for the measured components and their
mass fractions and (2) estimation of its ambient values using the calculated dry values and
the hygroscopic growth factor of the mixture (HGFmix) for a given relative humidity (RH).
The reader is referred to our previous studies [24,30] for details regarding the ambient
SDs and RIs and their seasonal changes (winter versus summer). For example, we have
demonstrated that the relative contribution of sulfate to total mass is larger in winter in
comparison with summer. As a result, winter dry values of the real part of the complex RI
for a mixture are larger than their summer counterparts. In addition, we have demonstrated
that particles have a stronger ability to absorb water during winter in comparison with
summer. These two factors (sulfate contribution and water absorption) define moderate
seasonal changes of the ambient values of the real part of the complex RI (Table 1). In
contrast, the ambient values of the imaginary part of the complex RI exhibit strong seasonal
variability (Table 1): the winter values surpass the summer values substantially (about three
times) due to a larger fraction of black carbon (rBC) in the total mass in winter compared
to summer [24,30].

Table 1. Mean values of the real (second column) and imaginary (third column) parts of the ambient
complex RI obtained from integrated airborne data for five selected days (first column) during the
TCAP. The altitude range above sea level of the corresponding FLs (fourth column) is also included.

Date Real RI Imaginary RI Altitude Range

21 July 2012 1.442 0.012 0.085–3.394 km
22 July 2012 1.437 0.007 0.083–1.812 km
25 July 2012 1.436 0.008 0.262–0.576 km

25 February 2012 1.441 0.027 0.090–0.959 km
26 February 2012 1.449 0.031 0.352–3.571 km

The aircraft measurements were performed within two columns of air. One of them
was located over Cape Cod with frequent occurrence of clouds. A 12-month deployment
of the ARM Mobile Facility (AMF) on Cape Cod included AERONET-supported CSPHOT
measurements for a limited period (summer, 2012). Martha’s Vineyard coastal observatory
(MVCO) is located south-west of Cape Cod and the CSPHOT is part of the MVCO instru-
mentation suite. We used the CSPHOT AODs measured at four wavelengths (0.44, 0.675,
0.87, 1.02 µm) with high quality (Version 3, Level 2.0) on Cape Cod (July 2012) and at the
nearby MVCO site (February 2013) for estimation of the corresponding model SDs.

4.2. ENA Data

The ENA observatory provides long-term measurements of low marine clouds and
atmospheric aerosol. Three multi-year (2013–2019) datasets related to aerosol properties are
used in our study. The first dataset is AODs measured by the CSPHOT at four wavelengths
(0.44, 0.675, 0.87, 1.02 µm) with high quality (Version 3, Level 2.0). These AODs are used to
estimate the model SDs (Section 5.2). The second dataset consists of columnar volume SDs
derived with high quality (Version 3, Level 2.0) from the combined AOD and sky radiance
measurements. The retrieval uncertainty of these SDs is size-dependent [17]: moderate
(up to 35%) for intermediate size range (0.1–7 µm) and large (up to 100%) for smaller
(<0.1 µm) and larger (>7 µm) particles. The third dataset is the RIs calculated from the
near-surface chemical composition measurements. Calculation of the dry RI involves mass
fractions for non-refractive species measured by the Aerosol Chemical Speciation Monitor
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and the corresponding values of the dry RI for these species reported in literature [16,24].
To assess the sensitivity of the model SDs to the water uptake by particles (Section 5.3), the
ambient values of the real RI are also calculated for both summer and winter using their
dry counterparts and the assumption that the HGFmix (RH = 70%) obtained for the TCAP
data [24] can be applied for the ENA data, as well. The selected RH value (70%) roughly
represents scattering-weighted column-averaged RH values observed during the TCAP.
Note that the corresponding RH values are smaller (<55%) for two typical continental
sites [19]. The normalized frequency distributions of the calculated dry and ambient values
of the real RI are quite narrow (Figure 2).
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Figure 2. Normalized frequency of the real part of the complex RI obtained for dry and ambient
conditions at 0.55 µm wavelength from the near-surface chemical composition data collected during
summer (a) and winter (b). Here, and below, abbreviations “JJA” and “DJF” stand for summer (June,
July, August) and winter (December, January, February), respectively.

The corresponding mean values of the real RI depend weakly on season. Thus, we
use the mean “summer” values of the dry (1.498) and wet (1.457) real RI for the model SD
estimation at the ENA site (Section 5.2). On average, the assumed water uptake by particles
reduces slightly (~0.04) the real RI. It should be mentioned that the expected uncertainty of
the real RI offered by the conventional AERONET inversions is noticeable (0.05) for low
(AOD < 0.2 at 0.44 µm wavelength) aerosol loadings [17].

5. Results

This section describes evaluation of the model SDs estimated from the measured
AODs using the “complete” (Section 4.1) and “incomplete” (Section 4.2) datasets of the
chemical-based RI. Recall that AOD is related to the attenuation of sunlight, which occurs
directly between the sun and the ground observer, and the size and number of particles
determine how the attenuation of sunlight changes with wavelength. In addition, this
section discusses the sensitivity of the model SDs to assumptions regarding the ability of
particles to absorb water and the representativeness of the near-surface RI values for the
entire atmospheric column (Section 5.3).

5.1. TCAP Data

Strong seasonal changes of aerosol properties occurred during the TCAP have been
documented previously [20,24,30]. In particular, it was demonstrated that winter in compar-
ison with summer is characterized by (1) a higher aerosol loading and (2) a larger fraction
of coarse particles. Figure 3 illustrates clearly these strong seasonal changes in terms of
magnitude of the measured AOD and its wavelength dependence: (1) winter AODs exceed
their summer counterparts more than two times, and (2) wavelength variability of AODs
become flatter during winter compared to summer.
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Figure 3. Examples of the measured (symbol “obs”) and calculated (symbol “mod”) spectrally resolved
AODs for summer (25 July 2012; dotted lines) and winter (25 February 2013; solid lines) days. The
calculated AODs represent results from two retrieval schemes (Section 3.1), where the model SDs are
estimated from the CSPHOT AODs measured at four (0.44, 0.675, 0.87, 1.02 µm) wavelengths (a) and
from “MFRSR-like” AODs obtained at five (0.415, 0.5, 0.615, 0.675, 0.87µm) wavelengths (b), respectively.

The winter and summer values of the measured AOD are about 0.2 and 0.1 at 0.44 µm
wavelength, respectively. Therefore, these values are about two and four times smaller than
the corresponding AOD threshold (0.4) required for the reliable (Level 2.0) RI retrievals
offered by the established aerosol inversions. Figure 3 also illustrates that the two retrieval
schemes used here for estimation of the model SD (Section 3.1) provide a very similar
level of agreement between the measured and model AODs at the wavelengths considered
here. Moreover, the level of agreement does not depend on both the aerosol loading and
fraction of coarse particles (as demonstrated by weak changes versus strong changes of
the measured AOD with wavelength). Thus, it can be hypothesized that the model SDs
estimated by these two retrieval schemes should provide a comparable level of agreement
between the measured and model SDs for both winter and summer. To confirm our
hypothesis, we compare these SDs (Figure 4).

The measured SDs exhibit the strong seasonal changes (Figure 4). The later are more
pronounced for the coarse particles (D ≥ 1 µm). To illustrate, let us consider SDs measured
for two days (Figure 4h,i), which define summer (25 July 2012) and winter (25 February
2013) days, respectively. Winter values of the measured SD significantly exceed (about
10 times) the corresponding summer values for the super-micron size range (Figure 4h,i).
In contrast, difference between winter and summer values of the measured SD become less
distinct for the sub-micron size range (Figure 4c,d). It should be mentioned that the SD
measured for another winter day (26 February 2013) decreases sharply with particle size
for the super-micron range (Figure 4j). The observed sharp decrease of the measured SD
can be associated, at least in part, with sampling issues of coarse particles for this day.

The model SDs estimated by two retrieval schemes capture the strong seasonal changes
of the measured SD reasonably well (Figure 4). For example, winter values of the model
SDs exceed the corresponding summer values significantly (about 10 times) for the super-
micron size range (Figure 4h,i), as also seen in the measured SDs (Figure 4h,i). A reasonable
visual agreement between the measured and model SDs is seen for the overlapping size
range (roughly 0.1–2 µm). As a result, the corresponding values of correlation coefficient
(measured SD versus model SD) are high (≥0.9). Since the “optically equivalent” model
SDs estimated by two retrieval schemes appear as almost coincident lines for many size
bins (Figure 4), estimation of the model SD depends weakly on the wavelengths of AOD
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measurements. The term “optically equivalent” is used here to emphasize that the model
AODs calculated from the estimated SDs nicely replicate the measured AODs (Figure 3).
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Figure 4. The normalized number SDs obtained from airborne measurements (symbol “obs”) and
estimated (symbol “mod”) from the measured AOD and the ambient complex RI (Table 1) for five
selected days. The top panel (a–e) shows the sub-micron size range, while the bottom panel (f–j)
describes the entire size range. The model SDs represent the “CSPHOT” and “MFRSR-like” retrieval
schemes (Section 3.1).

5.2. ENA Data

The AOD measured at the ENA site exhibits strong seasonal changes (Figure 5a,b): its
spectral variability becomes flatter during winter (Figure 5b) in comparison with summer
(Figure 5a). Likewise, its fine and coarse components show distinct seasonal differences.
To illustrate, the summer-winter increase of the coarse AOD is about 50% at 0.44 µm
wavelength (Figure 5a,b). It should be noted that the mean near-surface wind speed in
winter is about twice as large as that in summer [31], and a fraction of large particles
increases with wind speed [13]. Thus, the spectral flattering of the measured AOD can be
associated, at least in part, with the seasonal differences of the wind speed. Second, the
model AOD resembles very closely the measured AOD and its fine and coarse components
at all wavelengths (Figure 5). The close resemblance (Figure 5) between the observed
and model AODs clearly indicates that application of the selected RI values (Section 4.2)
appears to be sufficient to reproduce nicely the spectral changes of the measured AODs
with well-pronounced seasonal variability. Moreover, the very good agreement obtained
here (Figure 5) suggests that the AODs measured at distinct wavelengths within a rel-
atively broad spectral interval (roughly 0.4–1.0 µm) can be used to estimate “optically
equivalent” SDs.
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Figure 5. Spectral dependence of the total AOD and its fine and coarse components supplied by the
AERONET aerosol inversions (symbol “inv”) and calculations (symbol “mod”) using model SDs
estimated for summer (a,c) and winter (b,d). The calculated AODs represent the “CSPHOT” (a,b)
and “MFRSR-like” (c,d) retrieval schemes (Section 3.1).

Let us look now at how well the “optically equivalent” model SDs estimated from the
measured AODs reproduce the SDs provided by the AERONET aerosol inversions based
on the combined AOD and sky radiance data (Figure 6). It appears that the inversion-based
SDs have three modes at the ENA site. This result is consistent with the inversion-based
SDs obtained for areas with maritime-dominated aerosols [26]. The existence of the third
mode could be attributed to various reasons, including distinct aerosol sources and aerosol-
cloud interactions [32]. Contribution of sub-micron particles to the total volume of the
inversion-based SDs is smaller (about two times) during winter (Figure 6b) in comparison
with that for summer (Figure 6a). In contrast, the corresponding seasonal differences for
super-micron particles are quite minor (Figure 6). Thus, the seasonal variability of the
measured AODs (Figure 5) is mostly governed by sub-micron particles and their seasonal
changes (Figure 6).

The model SDs estimated from the measured AOD reproduce reasonably well the
inversion-based SDs (Figure 6). The corresponding correlation coefficient is high (≥0.9).
It should be emphasized that the model and inversion-based SDs are in close agreement
for a limited size range (about 0.1–1 µm): the difference between them is mostly within
the expected retrieval uncertainty of the SDs offered by aerosol inversions [17]. This
agreement can be explained by two main factors. First, it is well-known that particles
scatter light most efficiently when their size is comparable with wavelength [14,33]. Second,
we consider the AODs measured within a spectral interval (about 0.4–1 µm). Thus, this
limited size range (about 0.1–1 µm) likely represents “optically active” particles, which
are largely responsible for the sunlight scattering within the considered spectral interval,
while contribution of super-micron particles to the sunlight scattering is not negligible. The
obtained agreement, on average, depends weakly on season and two retrieval schemes
considered here. Thus, the AODs measured at various wavelengths within a relatively
broad spectral coverage (roughly 0.4–1µm) can be used to estimate the model SDs plausibly
well, and such estimation seems to be the most accurate for the size range, which defines
the “optically active” particles.
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Figure 6. The volume SDs offered by the AERONET aerosol inversions (symbol “INV”) and estimated
(symbol “MOD”) from AOD measured at four CSPHOT wavelengths (symbol “CSPHOT”) and AOD
obtained at five “MFRSR-like” wavelengths (symbol “MFRSR-like”) for summer (a) and winter (b).

The model SDs resemble closely inversion-based SDs within the limited size range
(about 0.1–1 µm) (Figure 6), despite the major assumptions regarding the RI obtained
from the chemical composition measurements. Recall, these assumptions are related to
(1) calculation of the ambient near-surface RI and (2) appropriateness of the calculated
near-surface RI for estimation of the columnar SDs from the measured AOD. Below, we
discuss these assumptions and their impact of the model SD estimation.

5.3. Sensitivity to RI Selection

We calculate the ambient real RI using its dry values obtained from the near-surface
chemical composition data collected at the ENA site and the HGFmix (RH = 70%) obtained
during TCAP (Section 4.1). Below, we assess the impact of the assumed HGFmix on the
model SD estimated from the measured AOD. To do that, we estimate the model SDs
using both the dry (1.498) and ambient (1.457) mean values of the real RI (Section 4.2) and
compare these model SDs. Such a comparison illustrates the sensitivity of the model SD
estimation to the real RI, which characterizes non-absorbing particles only. With the aim of
illustrating the impact of the complex RI (both real and imaginary parts) on the model SD
estimation, we repeat our comparison using the complex RI measured during the TCAP
winter phase. Specifically, we use the vertically integrated ambient complex RI measured
for winter day (26 February 2013) when fraction of rBC in the total mass was the largest
in comparison with those observed for other selected days (Table 1). The chosen complex
RI (1.449 + i0.031) characterizes both absorbing and non-absorbing particles. To illustrate
the impact of the real and complex RIs on the model SD estimation, we use the CSPHOT
AOD measured at the ENA site during summer, the “CSPHOT” retrieval scheme, and three
different values of the RI (Figure 7).

The model (SDmod) volume distributions estimated for different values of the as-
sumed RI have very similar shapes (Figure 7a). To quantify the level of agreement
between the model volume distributions, we use their relative difference (Figure 7b):
∆SDmod(RI*) = 100 × (SDmod(1.498) − SDmod(RI*))/SDmod(1.498), where RI* is either
the “ambient ENA” (1.457) or the “ambient TCAP” (1.449 + i0.031) refractive index. The
negative values of this difference indicates that SDmod(RI*) overestimates SDmod(1.498)
for a given size, and vice versa. Let us start with the difference obtained for the “ambient
ENA” real RI (Figure 7b): the magnitude of the “ambient ENA” difference ∆SDmod(1.457)
is mostly within 15% for a relatively wide size range (roughly from 0.1 to 10 µm).
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Figure 7. Example of model volume distribution (“SDmod”; µm3/µm2) estimated from AOD
measured at four CSPHOT wavelengths at the ENA site during summer and three assumed values of
RI (a). The latter are obtained from the chemical composition data and define (1) the near-surface real
RIs of non-absorbing particles obtained under dry (“dry ENA”) and ambient (“wet ENA”) conditions
at the ENA site and (2) the vertically-integrated complex RI of both absorbing and non-absorbing
particles obtained under ambient (“wet TCAP”) conditions during the TCAP campaign. (b) The
corresponding relative differences of the model size distributions (“∆SDmod”). The dotted horizontal
lines define an upper limit (± 15%) of the expected uncertainty of the model SD estimation associated
with the RI assumptions.

Before we move on, two comments should be made. First, the AOD is proportional to
the aerosol size distribution and extinction efficiency, which depends on the complex RI
and size parameter (α = 2πR/λ, where λ is the wavelength) [14,33]. Second, the impact of
the real RI on the AOD is governed by the well-known behavior of the extinction efficiency
as a function of the real RI for a given size range. For example, the extinction efficiency
increases with the real RI when the size parameter is small (α < 5). Thus, the increase of
the real RI is compensated by the decrease of the model SD estimated from the measured
AOD for this size range.

Results from Figure 7b allows one to assess such RI-related compensation. The dry
real RI (1.498) exceeds the ambient real RI (1.457) slightly (~3%). However, the “dry
ENA” SD(RI = 1.457) can underestimate the “ambient ENA” SD(RI = 1.498) noticeably (up
to 15%) within a spectral interval (about 0.1–1 µm), which represents “optically active”
particles. Thus, the use of the dry real RI instead of the ambient real RI results in the
noticeable (up to 15%) reduction of the model SD within this spectral interval. To put
this another way, the estimation of the model SDs appears not to be very sensitive to the
assumption regarding the water uptake by particles (“dry ENA” RI versus “ambient ENA”
RI). In a similar manner, the well-known behavior of the extinction efficiency as a function
of the complex RI can explain noticeable (mostly within 15%) distinctions between the
“dry ENA” SD(RI = 1.457) and the “ambient TCAP” SD(RI = 1.449 + i0.031) (Figure 7b).
These distinctions are comparable with the expected uncertainty of the inversion-based
SDs [17]. It should be emphasized that the imaginary part of the “ambient TCAP” RI defines
a considerable absorption associated with a large fraction of rBC in the total mass (Section 4.1).
However, the presence of even considerable absorption does not substantially modify the
model SD estimated from the measured AOD (Figure 7; “ambient TCAP” versus “ambient
ENA”), mostly due to recognized weak sensitivity of the AOD to the imaginary RI [8].

Both “dry ENA” and “ambient ENA” RIs considered above characterize the near-
surface chemical composition data. It is well-known that the mixture of chemical com-
ponents can change substantially with altitude. For example, organics and sulfate are
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dominant chemical components at the ENA site and their relative fractions are typically
different near the surface and aloft [34]. Since these dominant components have compa-
rable values of the real RI [16,24], it should be expected that the real RI of the mixture
should not vary considerably with altitude. Results from the recent observational study
performed over different locations of continental U.S. [35] favors such an expectation: the
real RI changes with altitude only slightly (<10%).

6. Summary

The well-established AERONET aerosol inversions [4,5] are elegant solutions to
the problem of deriving a columnar aerosol size distribution (SD) from the combined
wavelength-dependent measurements of aerosol optical depth (AOD) and sky radiance.
However, these inversions require mostly clear-sky observational conditions, so that there
are few “favorable” events where high quality SDs can be retrieved successfully. For
many areas with cloud abundance these events are rare in comparison with frequent AOD
measurements, which only require an unobstructed view of the sun. The U.S. coastal region
(Cape Cod) and Graciosa Island in the Azores are examples of such cloudy areas. Here,
we demonstrate the possibility to bypass this stringent requirement regarding clear-sky
conditions by adapting our approach [10] to cloudy coastal and maritime areas. Originally,
it was used to estimate four parameters of a volume SD from spectrally resolved AODs
measured at the U.S. continental site. These parameters define the magnitude and position
of fine and coarse modes with an assumed lognormal shape.

For our demonstration, we consider two integrated datasets. The first dataset repre-
sents coastal aerosol properties collected over Cape Cod by research aircraft during the
summer (2012) and winter (2013) phases of the Two-Column Aerosol Project (TCAP), while
the second dataset defines maritime aerosol properties collected at the Eastern North At-
lantic (ENA) atmospheric observatory over 7-year period (2013–2019). The collected aerosol
properties include (1) AODs measured at four wavelengths (0.44, 0.675, 0.87, 1.02 µm) with
the high quality (Version 3, Level 2.0), (2) size spectra offered by both aircraft measure-
ments and well-established aerosol inversions (Version 3, Level 2.0), and (3) refractive index
(RI) calculated from the chemical composition data. Our calculations provide vertically
integrated ambient complex RI (TCAP data) and near-surface dry and ambient real RIs
(ENA data).

We use these datasets to answer two questions posed in the introduction and to
demonstrate the following. First, the estimated SDs—with assumed bimodal shape—can
approximate the measured and inversion-based SDs quite accurately (correlation coefficient
exceeds 0.9), despite the large summer-winter differences of the size spectra. The level
of agreement between the observed and estimated SDs is particularly good for a limited
size range (roughly 0.1–1 µm). Second, this level of agreement depends weakly on the
wavelengths of AOD measurements if they represent a broad spectral range, roughly
0.4–1 µm, and at least four AODs are available. Finally, the SD estimation is not sensitive to
assumptions regarding the ability of particles to absorb water and the representativeness
of the near-surface RI values for the entire atmospheric column. Near-surface values of the
dry real RI appear to be suitable for the SD estimation for the coastal and maritime areas
considered here.

High quality AOD measurements within a spectral interval, roughly 0.4–1 µm, can be
provided by many instruments deployed at the fixed and mobile ground-based
sites [27,28,36–38] and aircraft [39,40]. Chemical composition measurements are offered
by numerous sites with global coverage [41]. These widely available AODs, coupled with
representative site- and season-dependent RIs calculated from the chemical composition
data, furnish an opportunity to estimate the SDs at previously unavailable time periods
and spatial coverage and, thus, to meet ever-growing demands for additional observations
required for an improved assessment of the temporal and spatial variability of aerosol SDs
and their impact on regional and global climate change.
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