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Abstract: We examine the performance of our approach for calculating the total scattering coefficient
of both non-absorbing and absorbing aerosol at ambient conditions from aircraft data. Our extended
examination involves airborne in situ data collected by the U.S. Department of Energy’s (DOE) Gulf
Stream 1 aircraft during winter over Cape Cod and the western North Atlantic Ocean as part of the
Two-Column Aerosol Project (TCAP). The particle population represented by the winter dataset,
in contrast with its summer counterpart, contains more hygroscopic particles and particles with an
enhanced ability to absorb sunlight due to the larger fraction of black carbon. Moreover, the winter
observations are characterized by more frequent clouds and a larger fraction of super-micron
particles. We calculate model total scattering coefficient at ambient conditions using size spectra
measured by optical particle counters (OPCs) and ambient complex refractive index (RI) estimated
from measured chemical composition and relative humidity (RH). We demonstrate that reasonable
agreement (~20% on average) between the observed and calculated scattering can be obtained under
subsaturated ambient conditions (RH < 80%) by applying both screening for clouds and chemical
composition data for the RI-based correction of the OPC-derived size spectra.

Keywords: aircraft measurements of aerosol microphysical; chemical, and optical components and
ambient relative humidity; ultra-high sensitivity aerosol spectrometer (UHSAS); passive cavity aerosol
spectrometer (PCASP); cloud and aerosol spectrometer (CAS); aerosol mass spectrometer (AMS);
single particle soot photometer (SP2); single particle mass spectrometer (miniSPLAT); integrating
nephelometer; humidification system; winter phase of Two-Column Aerosol Project (TCAP)

1. Introduction

There is an increasing demand to better understand the role of atmospheric aerosol in the Earth’s
radiation budget over a range of seasons [1,2]. However, strong spatial–temporal variability of aerosol
properties associated with variety of natural and anthropogenic sources [3,4] is responsible for large
uncertainties of predicted aerosol radiative forcing at global and local scales [5,6]. This variability
is especially well-pronounced for coastal areas, which typically represent crossroads of distinct
air-mass flow patterns [7–9]. For example, Titos et al. [8] analyzed near-surface aerosol total scattering
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coefficients from approximately one year of measurements made at Cape Cod, Massachusetts as
part of the Two-Column Aerosol Project (TCAP) campaign [10,11] and demonstrated that there were
three major groups of air masses. These groups have been classified as “anthropogenic”, “marine”,
and “hybrid” air-masses in terms of scattering Angstrom exponent (AE). The “anthropogenic” and
“marine” air-masses have large (1.8 ± 0.5) and small (0.9 ± 0.3) values of AE, respectively [8].
Since the AE is related inversely to particle size [12], the “anthropogenic” and “marine” air-masses
are dominated by relatively small and large particles, respectively. It is quite interesting that the
“anthropogenic” air-mass patterns have been more frequently observed during summer, while their
“marine” counterparts were common during winter [10,11]. The TCAP provided a unique opportunity
to characterize aerosol physical, chemical and optical properties at the site during summer and winter,
and thus to document strong seasonal changes of these properties [10,11].

These properties have been obtained from integrated data provided by a suite of TCAP
ground-based and airborne instruments with different design and sensitivity to particle size [10,11].
Thus, successful data integration is a difficult task with far-reaching impacts on further process-oriented
model evaluations. This is especially true for airborne measurements mainly due to well-known
stringent requirements for the high-resolution data acquisition by a compact and multiple-variable
aircraft system [13,14]. Typically, a special kind of quantitative comparison experiment—as it
traditionally referred to as a closure study—is performed to assess the consistency and reasonableness
of integrated data [15–18]. We have previously performed a closure study of ambient total
scattering coefficient using integrated TCAP data collected by the U.S. Department of Energy’s (DOE)
Gulfstream 1 (G-1) aircraft over Cape Cod and the western North Atlantic Ocean during summer and
obtained good agreement (~10% on average) between the measured and calculated total scattering
coefficients for mostly clear-sky conditions with high concentration of small particles [19].

In comparison with summer, winter represents more challenging observational conditions for such
a comparison because: (1) more frequent cloudy days, which increases the variability of the observed
scattering coefficients; and (2) increased fraction of large particles, which have often been ignored in
the closure studies due to limited information on their chemical composition. With this challenge in
mind, we attempt to address the following question: What level of agreement between the measured
and calculated total scattering coefficients can be achieved for challenging wintertime conditions?

To answer this question, we first describe the airborne in situ data collected during winter
campaign that provide information on aerosol chemical, microphysical, and optical properties. We
do that with a particular focus on the cloud contamination issue and the required cloud screening
application (Section 2). Also, our study aims to illustrate the differences between the airborne in situ
data collected during summer [19] and winter (this study), which in turn defines seasonal diversity
between the corresponding microphysical and optical aerosol properties (Section 3) in the context of the
closure study (Section 4). Ambient size distribution and complex refractive index are examples of key
aerosol properties for the closure study. The latter are required to calculate the ambient total scattering
coefficient over the variety of observational conditions (Section 4). Comparison of the calculated and
observed ambient total scattering coefficients is considered as part of the closure study (Section 4)
with an overall goal to illustrate the consistency and reasonableness of the wintertime airborne in situ
data. To ease comparison of the outlined seasonal changes of the microphysical, chemical, and optical
aerosol properties (winter versus summer), we use the same format for our winter plots (Sections 2–4)
identical to that for the corresponding summer plots [19]. Our main findings are summarized in the
last section.

2. Data

All data used here were collected on the G-1 aircraft during the TCAP winter aircraft intensive
observation period (12–26 February 2013) [11]. The collected data represent mostly background
coastal conditions. The instruments, with state-of-the-art capabilities [13], sampled climate-relevant
atmospheric characteristics, such as relative humidity (RH), and aerosol and cloud properties, with high
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temporal resolution (1 s) at multiple altitudes within two atmospheric columns (over the Cape Cod
and over the Atlantic Ocean) separated by several hundred kilometers. Here we consider only winter
aerosol properties relevant to our closure study (Section 4)—namely aerosol size spectra, chemical
composition, and total scattering coefficient—and describe shortly the corresponding instruments.
Their detailed review is given by Berg et al. [10]. Similar to the previous studies [20,21], we use
the high-temporal resolution data to calculate the aerosol properties for a straight and level runs at
different altitudes, the co-called flight legs (FLs). The FLs ranged from approximately 5 to 15 min in
duration and may include periods when the G-1 was in cloud. Thus, special attention is given to the
problem of potential cloud contamination and the removal of identified cloud-contaminated airborne
data from further analysis.

Ultra-high sensitivity aerosol spectrometer (UHSAS, size range 0.06–1 µm), a passive cavity
aerosol spectrometer (PCASP; size range 0.13–3 µm), and a cloud and aerosol spectrometer (CAS; size
range 0.6–10 µm) were used to measure individual particle size distributions for different and partially
overlapping size ranges. These three airborne instruments are optical particle counters (OPCs) and
they are made by Droplet Measurement Technologies, Inc. (Longmont, CO, USA). Calibration of these
instruments involves use of non-absorbing polystyrene latex sphere (PSL) beads with known real
part (1.588) of complex refractive index (RI). To obtain combined aerosol size spectra over a wide size
range (0.06–10 µm), size distributions measured by UHSAS, PCASP, and CAS are merged using the
well-documented Twomey’s algorithm [22,23]. Figure 1 shows an example of the merged aerosol size
spectra for a given day of interest (25 February 2013). The obtained size spectra are FL-dependent
and there are clearly two groups of spectra with relatively small and large contributions of super-µm
particles (Figure 1).
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Figure 1. Example of combined size distributions generated for each FL during a given day
(25 February 2013). Here and in the following plots, aerosol characteristics represent FL-averaged
values. Elevation and time of each FL are shown in Figure 2.

An Aerodyne high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS;
Aerodyne Research, Inc., Billerica, MA, USA; abbreviated as AMS hereafter; [24,25]) and Droplet
Measurement Technology single particle soot photometer (SP2; 0.06–0.6 µm range of mass-equivalent
diameter; [26,27]) provided information on the nonrefractory organic and inorganic species mass
loading and black carbon (rBC) mass in individual aerosol particles, respectively. This information
represents dry conditions. The chemical composition data acquired by AMS defines mostly sub-micron
particles due to the size-dependent particle transmission efficiency. For example, the particle
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transmission efficiency is close to 1 for particles with vacuum aerodynamic diameters between 0.06
and 0.6 µm and it reduces by half at 1 µm [28]. Contributions of sulfate and organic matter (OM) to
total mass loading are comparable on 25 February 2013 (Figure 2). Similar contributions of sulfate and
OM are obtained for all winter flights [11]. While the absolute mass loadings of OM, sulfate, nitrate,
and rBC vary for different FLs, the relative fractions of these chemical species remain virtually constant
through each individual flight. Note that the dominance of OM was found for all summer flights [10].
Contribution of rBC to total mass loading is substantial for the day of interest (Figure 2) and for all
winter flights as well [11].
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Figure 2. Example of FL-dependent chemical compositions (colored lines) and rBC (thick black lines)
mass measured by the AMS and SP2, respectively (25 February 2013). Additionally, altitude (dotted
black line) as a function of FL is included. FLs are labeled with numbers 1 through 16 on top of the
dashed black altitude line.

To gain further insights into the differences between different FLs, in Figure 3a we present
the composition of individual aerosol particles characterized by single particle mass spectrometer,
miniSPLAT [29]. miniSPLAT measures in situ and in real-time the size and composition (mixing
state) of individual aerosol particles, characterizing both refractory and non-refractory fractions of
each particle. During the winter phase of TCAP miniSPLAT characterized composition of nearly
300,000 individual aerosol particles in the size range from 50 nm to 2 µm (50% cut-off at 85 nm). These
particles were then classified based on their mass spectra into hundreds of classes, which, for simplicity,
were subsequently combined into several major aerosol types. Figure 3a shows relative number
fractions of particles with different compositions (types), as measured by miniSPLAT along different
FLs shown in Figure 2. Aerosol types are depicted by the different colors as indicated in the Figure 3
legend. On this day, the majority (~70%; number fraction) of particles on all FLs were composed
of sulfate mixed with organics (Org) at different mixing ratios. The number fraction of sulfate-rich
particles (red bars, SulfOrg) containing on average 80% sulfate was 14 ± 5%, while mixed particles
dominated by organics (dark green bars, OrgSulf) containing, on average, 40% sulfate representing
56 ± 6% of all particles characterized on this flight. The weight fractions of organics and sulfate in the
mixed particles was determined based on the measurements of their composition-resolved densities,
as described in detail in the separate publication [30].



Atmosphere 2018, 9, 228 5 of 19

Atmosphere 2018, 9, x FOR PEER REVIEW  5 of 18 

 

 
Figure 3. (a) Example of the FL-dependent number fraction of particles with different compositions 
(note the log scale) characterized by the miniSPLAT during 25 February 2013. Different types of 
particles are represented by different colors indicated in the legend. The length of each color bar 
represents the number fraction. The log scale is used to illustrate small (<3%) number fraction of sea 
salt particles characterized on ‘shallow’ FLs (altitude < 1 km). (b) The corresponding mass fraction of 
different chemical components (note the linear scale) characterized by the AMS and SP2. 

Figure 3a shows that at low altitudes sea salt particles represent approximately 2% of all particles 
characterize by miniSPLAT during this flight. It should be emphasized that the miniSPLAT measures 
composition of individual particles (both refractory and nonrefractory), while the AMS provides 
information on bulk composition associated with nonrefractory aerosol. In these regards, the aerosol 
compositions provided by miniSPLAT and AMS are not directly comparable, as discussed by Berg et 
al. [10,11]. For example, the AMS-derived aerosol composition (Figure 3b) does not include less 
abundant aerosol types (dust, soot, and sea salt) characterized by miniSPLAT (Figure 3a). The small 
levels of chloride measured by the AMS (Figure 3b) are likely due to ammonium chloride as sodium 
chloride and other refractory chloride salts are not detected by the AMS. Similar to our summer closer 
study [19], we use the AMS-derived aerosol chemical composition in our calculations of the winter 
aerosol properties (Section 3). Since the airborne miniSPLAT data show measurable amount (about 
1–3% by number fraction) of sea salt on some FLs (Figure 3a), we discuss a potential impact of sea 
salt on the calculated aerosol properties (Section 3), and thus on the level of agreement between the 
calculated and observed values of the scattering coefficient (Section 4). 

A TSI integrating nephelometer (DryNeph; TSI Inc., Model 3563, Shoreview, MN, USA) has 
measured the total scattering coefficient at three wavelengths (0.45, 0.55, 0.7 μm) at dry (RH < 40%) 
conditions, while a humidification system has measured the light scattering enhancement factor, 
known as f(RH) at a single wavelength (0.525 μm) at both dry and wet conditions (three RHs have 
been defined near 45, 65, and 90%) [31]. Humidification system consists of three integrating 
nephelometers and humidity conditioners for simultaneous measurement of total scattering 
coefficient at three different RHs [31]. Similar to Pekour et al. [31], we define f(RH) as a ratio of wet 
(RH = 85%) and dry (RH = 40%) values of the total scattered coefficient at 0.525 μm wavelength. We 
adapt the measured f(RH) to the three wavelengths (0.45, 0.55, 0.7 μm) using an approach described 
by Shinozuka et al. [32]. Then we apply the spectrally-adapted f(RH) and the dry total scattering 
coefficient measured by nephelometer to obtain the total scattering coefficient at ambient conditions 
(σobs) at three wavelengths (0.45, 0.55, 0.7 μm). We compare values of the observed (σobs) and model 
(σmod) total scattering coefficient in Section 4. These values (σobs and σmod) represent ambient 
conditions. Figure 4 shows that the FL-dependent variability of σobs can be large. We assume that 
uncertainties of the ambient total scattering coefficient for a given FL combine the corresponding 
variability of σobs (its standard deviation) and the measurement uncertainties in the dry total 

Figure 3. (a) Example of the FL-dependent number fraction of particles with different compositions
(note the log scale) characterized by the miniSPLAT during 25 February 2013. Different types of
particles are represented by different colors indicated in the legend. The length of each color bar
represents the number fraction. The log scale is used to illustrate small (<3%) number fraction of sea
salt particles characterized on ‘shallow’ FLs (altitude < 1 km). (b) The corresponding mass fraction of
different chemical components (note the linear scale) characterized by the AMS and SP2.

Other, less abundant aerosol types—such as biomass burning (BB) aerosol, different types of
organic particles, sea salt, dust, and soot particles—were also observed by miniSPLAT during the
flight. Some of these particle types exhibit large variations for different FLs. Most noticeable, sea salt
particles that are present at low altitudes within boundary layer and are nearly completely ”unseen” at
higher altitudes.

Figure 3a shows that at low altitudes sea salt particles represent approximately 2% of all
particles characterize by miniSPLAT during this flight. It should be emphasized that the miniSPLAT
measures composition of individual particles (both refractory and nonrefractory), while the AMS
provides information on bulk composition associated with nonrefractory aerosol. In these regards, the
aerosol compositions provided by miniSPLAT and AMS are not directly comparable, as discussed by
Berg et al. [10,11]. For example, the AMS-derived aerosol composition (Figure 3b) does not include less
abundant aerosol types (dust, soot, and sea salt) characterized by miniSPLAT (Figure 3a). The small
levels of chloride measured by the AMS (Figure 3b) are likely due to ammonium chloride as sodium
chloride and other refractory chloride salts are not detected by the AMS. Similar to our summer closer
study [19], we use the AMS-derived aerosol chemical composition in our calculations of the winter
aerosol properties (Section 3). Since the airborne miniSPLAT data show measurable amount (about
1–3% by number fraction) of sea salt on some FLs (Figure 3a), we discuss a potential impact of sea
salt on the calculated aerosol properties (Section 3), and thus on the level of agreement between the
calculated and observed values of the scattering coefficient (Section 4).

A TSI integrating nephelometer (DryNeph; TSI Inc., Model 3563, Shoreview, MN, USA) has
measured the total scattering coefficient at three wavelengths (0.45, 0.55, 0.7 µm) at dry (RH < 40%)
conditions, while a humidification system has measured the light scattering enhancement factor,
known as f(RH) at a single wavelength (0.525 µm) at both dry and wet conditions (three RHs have been
defined near 45, 65, and 90%) [31]. Humidification system consists of three integrating nephelometers
and humidity conditioners for simultaneous measurement of total scattering coefficient at three
different RHs [31]. Similar to Pekour et al. [31], we define f(RH) as a ratio of wet (RH = 85%) and dry
(RH = 40%) values of the total scattered coefficient at 0.525 µm wavelength. We adapt the measured
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f(RH) to the three wavelengths (0.45, 0.55, 0.7 µm) using an approach described by Shinozuka et al. [32].
Then we apply the spectrally-adapted f(RH) and the dry total scattering coefficient measured by
nephelometer to obtain the total scattering coefficient at ambient conditions (σobs) at three wavelengths
(0.45, 0.55, 0.7 µm). We compare values of the observed (σobs) and model (σmod) total scattering
coefficient in Section 4. These values (σobs and σmod) represent ambient conditions. Figure 4 shows
that the FL-dependent variability of σobs can be large. We assume that uncertainties of the ambient
total scattering coefficient for a given FL combine the corresponding variability of σobs (its standard
deviation) and the measurement uncertainties in the dry total scattering. The latter are small (~10%)
for sub-µm particles and substantial (up to 50%) for super-µm particles [33,34]. Note that the isokinetic
inlet system used for airborne measurements made inside the G-1 (e.g., TSI nephelometer, AMS,
and miniSPLAT) has effective cutoff diameter of 5 µm. We do not consider in our analysis airborne
data collected under very humid conditions (RH > 80%) due to the well-known large uncertainties of
the corresponding f(RH).
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Figure 4. The same as Figure 2, except for the dry scattering coefficient measured by nephelometer (red
lines), ambient scattering coefficient obtained with measured f(RH) (blue lines) at 0.55 µm wavelength
and ambient RH (green lines). FLs are labeled with numbers 1 through 16 on top of green lines.

To ensure that only good-quality aerosol data are used in this study, we utilize the following three
steps. The first two steps are the same as those from our quality assessment previously applied to the
summer flights [19]. The first step checks the consistency between the measured size spectra, chemical
composition, and total scattering to prevent inclusion of invalid or inconsistent data, while the
second step checks for the availability of all data streams required for our analysis. It should be
emphasized that clear-sky conditions dominated during the summer flights [10]. In contrast, frequent
cloud penetrations by the G-1 were detected during the winter flights. These data within clouds
have been excluded from further processing. Sampling through the isokinetic inlet in clouds is
subjected to numerous artifacts from cloud droplet shattering in the inlet [35], that can compromise
the nephelometer data. The variability test includes the comparison of the FL-averaged value and
standard deviation of σobs for a given FL. We do not consider data when the averaged value is less
than the standard deviation. We select 39 FLs with only good-quality data from 87 FLs during 11
winter days. We discuss the seasonal changes of aerosol properties obtained during the winter and
summer FLs in the following sections. In our discussion, we use terms ‘winter’ and ‘summer’ to define
aerosol properties obtained for winter and summer FLs, respectively.

Before we move to the following sections, we make several remarks regarding sea salt aerosol.
Sea salt can contribute substantially to the near-surface aerosol microphysical and optical properties
under windy conditions [36]. Data related to sea salt are available from the complementary
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ground-based TCAP measurements [11]. Mass loading of NaCl aerosol was measured by the ARM
Particle-into-Liquid Sampler (PILS) instrument [37]. Note that NaCl makes up the major fraction of
sea salt overall [38]. The ground-based in-situ measurements demonstrate that the near-surface mass
loadings of both sodium (Na) and chloride (Cl) during winter can substantially exceed (by as much
as an order of magnitude) their summer mass loadings [11]. Similarly, airborne measurements by
miniSPLAT indicate that during winter TCAP sea salt particles accounted for 1.0 ± 1.6% as compared
to 0.16 ± 0.35% during summer and the vast majority of these particles were observed at shallow
FLs, as illustrated in Figure 3a for one of the flights. Moreover, the ground-based meteorological
measurements of thermodynamic structure of atmosphere demonstrate that about 1-km convective
boundary layer is typical for winter, associated with relatively cold continental air moving over
relatively warm Atlantic Ocean [11]. Thus, these combined in situ and meteorological measurements
suggest that the relative contribution of the sea salt to the total mass loading could be substantial for
several winter FLs, particularly those flown at low altitude. We discuss the potential impact of sea salt
on our results in the following sections.

3. Model and Adjustments

Important aerosol parameters pertinent to the optical closure results (Section 4) are considered in
this section. These parameters characterize the model components of the framework for an optical
closure experiment introduced by Kassianov et al. [19] and include the hygroscopic growth factor
(Section 3.1), ambient complex RI (Section 3.2), RI-corrected size spectra obtained from the OPC
measurements (Section 3.3) and model total scattering coefficient at ambient conditions (Section 3.4).
The major assumptions required for estimating these parameters are also given. The reader is referred
to our previous study [19] for details of the framework, models, and assumptions.

3.1. Hygroscopic Growth Factor

Atmospheric aerosol is a mixture of compounds with different hygroscopicity. Thus, the relative
fractions of these components control the response of aerosol particles to the ambient humidity.
This response is commonly described by the hygroscopic growth factor of the mixture (HGFmix) [39]
and its estimation typically involves the volume-weighted average relationship together with the
volume fractions and growth factors of individual components. Similar to our previous study [19],
we use this relationship to obtain the required volume fractions using the mass fractions measured by
the AMS and SP2 airborne instruments (Section 2) and the corresponding densities (Table 1).

Table 1. Assumed size-independent density, real and imaginary parts of complex refractive index (RI)
at 0.55 µm wavelength, and hygroscopic growth factor (HGF) values used in this study. Values are
taken from [39–41]. Also, this table includes values of these parameters for sea salt (or sodium chloride;
NaCl) from Xie et al. [42].

Parameters OM SO4 NO3 Cl NH4 rBC Water NaCl

Density (g/cm3) 1.4 1.8 1.8 1.53 1.8 1.8 1.0 2.2
RI (real) 1.45 1.52 1.5 1.64 1.5 1.85 1.33 1.55

RI (imag) 0.0 0 0 0 0 0.71 0 0
HGF (RH = 80%) 1.07 1.50 1.50 1.9 1.50 1.0 - 1.9

It should be emphasized that the measured mass fractions correspond to sub-µm particles.
However, we apply the volume-weighted average relationship for both sub- and super-µm particles
assuming that these fractions are size-independent. We also assume that the RH-dependence
of HGFmix is approximated by the empirically based power law [43,44]. The HGFmix increases
with RH and its growth rate is governed by the relative fractions of hydrophobic and hydrophilic
components. More hydroscopic sulfate (HGF = 1.5 at RH = 80%) together with barely hydroscopic OM
(HGF = 1.07 at RH = 80%) dominate the total mass loading during winter FLs [11], while OM is the
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dominant component during summer FLs [10]. Thus, the HGFmix enhancement is more pronounced in
winter (HGFmix range is about from 1 to 1.3; Figure 5) compared to that in summer (HGFmix range is
about from 1 to 1.2; Figure 5; from [19]). Note that sodium chloride (similar to sulfate) has large value
of HGF in comparison with that for OM (Table 1). Thus, potential inclusion of NaCl in the HGFmix
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3.2. Dry and Wet Refractive Indices

We apply the estimated volume fractions of aerosol composition and HGFmix (Section 3.1) to
calculate the size-independent real (nwet) and imaginary (kwet) parts of the complex RI at ambient
conditions. These aerosol parameters (nwet and kwet) represent a mixture of the measured chemical
components (Table 1) and absorbed water. We start with calculations of their dry values (ndry and kdry)
using a volume weighting method [45]. In our calculations we use the real and imaginary parts of the
complex RI for each component (Table 1) and the estimated volume fractions. The volume fractions
are calculated from the mass fractions (Figure 3b) and densities (Table 1). We also assume that particles
with different sizes have the same complex RI. We continue with calculations of the ambient values
(nwet and kwet) using the estimated values of HGFmix for a given RH (Section 3.1) and a well-known
empirical model for converting the dry complex RIs into their ambient counterparts [44,46]. Figure 6
shows the dry and ambient values of the complex RI estimated for winter FLs.

The relative contributions of sulfate and rBC to the total mass have the substantial seasonal
changes (Section 2). These changes are mainly responsible for the observed differences between
the dry values of the complex RI (Figure 6). For example, winter dry values (1.50 ± 0.007) of the
real RI (Figure 6c) are larger than their summer values (1.46 ± 0.005) (Figure 6c; [19]) due to the
larger contribution of sulfate to total mass in winter (Section 2). Similarly, winter values of the
imaginary RI (Figure 6d) exceed their summer values (Figure 6d; [19]) considerably (about three times
on average) due to the larger fraction of rBC in the total mass in winter (Section 2). Thus, winter
particles in comparison with summer particles have an enhanced ability to absorb sunlight. As a result,
the calculated winter single-scattering albedo (0.90 ± 0.05) is smaller than its summer counterpart
(0.93 ± 0.03) for the TCAP dataset considered here. Results from performed t-test for two means
(unknown population standard deviations) suggest that there is enough evidence to claim that
the winter and summer values of both the real RI and single-scattering albedo are different at the
0.05 significance level. It should be mentioned that a potential inclusion of sea salt aerosol into
calculations of the complex RI for a mixture would lead to increases of ndry and reductions of kdry.
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Particles have a stronger ability to absorb water during winter in comparison with summer (Section 3.1).
Thus, differences between wet and dry values (both nwet versus ndry and kwet versus kdry) are greater
during winter (Figure 6) as compared with those in summer (Figure 6; [19]).
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Figure 6. Example of RH-dependent dry and ambient values of the real and imaginary parts of the
complex RI calculated for each FL on 25 February 2013 (a,b); the corresponding histograms obtained
for all winter TCAP FLs (c,d). The real (nOPC = 1.588) and imaginary (kOPC = 0) parts of the complex RI
set for OPC calibration are shown in (a) (magenta) and (b) (magenta), respectively. The real RI of water
(nwater = 1.33) is also shown (a, cyan). The imaginary RI of water (kwater = 0) is equal to the imaginary
RI used for OPC calibration (kOPC = 0).

3.3. Size Distribution

We apply the size spectra derived from the OPC measurements (Section 2), the estimated HGFmix

(Section 3.1) and ambient complex RI (Section 3.2) to obtain size distributions at ambient conditions
with and without RI-based correction (Figure 7). This correction takes into account for the difference
between the complex RI estimated from the measured chemical composition (Section 3.2) and the
complex RI used for the OPC calibration (nOPC = 1.588 and kOPC = 0), while the RH correction
incorporates the particle growth due to the water uptake [19]. We start with estimation of the RI-based
correction. This estimation involves the size-dependent scaling factor obtained from the theoretical
response calculations for a given complex RI. Application of the RI-based correction modifies the
original OPC-derived size spectra in two ways by (1) changing bin boundaries (horizontal shifting) and
(2) scaling of the normalized number concentration (vertical shifting). We continue with estimation of
the RH-based correction. This estimation involves the size-independent HGFmix calculated from the
chemical composition measurements (Section 3.2). Application of the RI-based correction modifies the
original OPC-derived size spectra by changing bin boundaries (horizontal shifting) only.

The hygroscopicity of particles has distinct seasonal changes (Section 3.1). These changes
determine, in turn, the observed seasonal differences between the dry and ambient size spectra.
To illustrate, let us consider the corresponding spectra obtained without the RI-based correction for
a winter FL where the ambient RH was near 80% (Figure 7a,b). The wet size distribution is shifted
substantially along the horizontal axis (Figure 7a,b) due to the considerable hygroscopicity of winter
particles in comparison with the dry size distribution. Such horizontal shifting is less pronounced for
a summer FL with comparable RH (Figure 7a,b; [19]) due to the smaller hygroscopicity of summer
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particles. Recall, that the ability of particles to scatter and absorb sunlight is governed by their real
and imaginary parts of complex RI, respectively. The latter have the distinct seasonal changes as
well (Section 3.1) and these changes are responsible for differences between the size spectra obtained
with (dN⁄dlogDwet,adj) and without (dN⁄dlogDwet) the RI-based correction for winter (Figure 7a,b) and
summer (Figure 7a,b; [19]).
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3.4. Scattering Coefficient Calculations

We apply the estimated complex RI (Section 3.2) and the obtained ambient size distributions
(Section 3.3) to calculate the ambient total scattering coefficient (σmod). In our Mie calculations,
we assume that particles are homogeneous spheres and effective values of the complex RI are
size-independent. We perform these calculations using the size distributions obtained with
(dN⁄dlogDwet,adj) and without (dN⁄dlogDwet) the RI-based correction. The corresponding values
of the model ambient total scattering coefficient (σmod,adj and σmod,org) are output of our calculations.
Since the transmission efficiency for the sampling system with airborne TSI integrating nephelometer
falls significantly (up to 90%) at 5 µm diameter (Section 2), we calculate the total scattering coefficients
using a 5-µm cut-off. Thus, the model total scattering coefficients represents both sub- and super-µm
particles. We discuss the relative contribution of super-µm particles to the model total scattering
coefficient in Section 4. Although the complex RI is obtained at single wavelength (0.55 µm), we
calculate the total scattering coefficient at three wavelengths (0.45, 0.55, 0.7 µm) assuming that the
complex RI does not change within the spectral range of interest (0.45–0.7 µm). Ambiguities of the
required inputs (ambient size distribution and complex RI) and model assumptions (homogeneous
internal mixture) contribute to the uncertainties for the calculated scattering coefficient. Similar to
the previous studies [19,47], we assume that 20% uncertainties associated with the required inputs
(ambient size spectra and complex RI) and model assumptions (homogeneous internal mixture) are
representative for the calculated ambient total scattering coefficients at least as a lower limit.

4. Results and Discussion

This section further illustrates application of the framework introduced by Kassianov et al. [19]
and its extension to the winter conditions, which are characterized by more frequent clouds and
increased fraction of super-µm particles. We can now assess the consistency and reasonableness of the
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integrated data and appropriateness of assumptions considered in the previous sections. For example,
the assumption of the size-independent complex RI is critical (Section 3), and its importance should not
be overlooked, especially for FLs where contribution of the super-µm particles to aerosol microphysical
and optical properties is substantial. For our assessment, we answer the question: What level of
agreement between the measured and calculated total scattering coefficients can be achieved for
challenging wintertime conditions?

The comparison of the observed (σobs) and model (σmod) scattering coefficients for a given day of
interest (Figure 8) is a good start for the subsequent discussion of results obtained for all winter FLs
(Figure 9, Table 2). The general message of our results (Figures 8 and 9; Table 2) is that application
of the measured chemical composition substantially improves agreement between the measured and
calculated values of total scattering coefficient.
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adjusted model scattering coefficients coincide reasonably well (mostly within observational 
uncertainty) at 0.55 μm wavelength (Figure 8c) despite their strong temporal variability. The same is 
true for other wavelengths (Figure 8b,d). Thus, our assumption regarding the spectral dependence 
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coefficient (Figure 8c). 
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Figure 8. Ambient RH (a) and spectral values (b–d) of the total scattering coefficient measured
(blue) and calculated for the original (green) and RI-based adjusted (red) size distributions for FLs
on 25 February 2013 at three wavelengths: (b) 0.45, (c) 0.55, and (d) 0.70 µm. Error bars represent
uncertainties of measured scattering coefficients. Vertical columns (magenta) identify shallow FLs with
low (<0.1 km) altitude (Figure 2).

Our comparison includes the model scattering coefficients calculated with (σmod,adj) and without
(σmod,org) the RI-based correction (Section 3). The range of the observed scattering coefficient
σobs as a function of FL is wider in winter (Figure 8) in comparison with the analogous range in
summer (Figure 8; [19]). The corresponding winter and summer ranges for the days of interest are
about 2–30 Mm−1 and 6–11 Mm−1 at 0.55 µm wavelength, respectively. Note that small values
of σobs are found on FLs with the high altitude (above 3 km). The seasonal differences of aerosol
properties together with the related meteorological content are discussed in detail by Berg et al. [11].
The observed and RI-adjusted model scattering coefficients coincide reasonably well (mostly within
observational uncertainty) at 0.55 µm wavelength (Figure 8c) despite their strong temporal variability.
The same is true for other wavelengths (Figure 8b,d). Thus, our assumption regarding the spectral
dependence of the complex RI (Section 3.4) seems to be reasonable for the TCAP dataset considered
here. In contrast to σmod,adj, σmod,org substantially underestimates (by up to 60%) the observed total
scattering coefficient (Figure 8c).
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It should be emphasized that reasonable agreement (within observational uncertainties) between
σobs and σmod,adj is obtained even for FLs where the relative contribution of the super-µm particles
to the model total scattering is substantial (Figure 8c). To be more specific, let us consider three
FLs (number 2, 4, and 10) where the measured size spectra show a noticeable fraction of super-µm
particles (Figure 1). These three FLs were very low (<0.1 km) (Figure 2), and thus represent the
near-surface aerosol sampling over ocean. The estimated contribution of super-µm particles to σmod,adj
is considerable (up to 45%) for these “shallow” FLs, while it is more than two times less (~19%) for
all winter FLs (Appendix A). The obtained winter contribution (19%) exceeds substantially (about
three times) the corresponding summer (7%) contribution (Appendix A; [19]). The outlined seasonal
changes of this contribution (winter versus summer) are consistent with related finding from the
previous TCAP-related study [8].

The obtained reasonable agreement between σobs and σmod,adj for these three ‘shallow’ FLs
(altitude < 0.1 km) seems unexpected mainly because we use sub-µm values of the complex RI
to calculate the RI-adjusted scattering coefficient, which defines both sub- and super-µm particles
(Section 3). In other words, we use the assumption of size-independent complex RI in our calculations.
This assumption would not favor, in general, the comparison between the observed and model
scattering coefficients especially for cases where sub- and super-µm particles have distinctly different
values of the complex RI due to different chemical composition. However, the potential consequences
are minimized in our study as the values of the complex RI are quite similar for sulfate and sea salt
(Table 1). Note that sea salt contribution to the number fraction is noticeable (up to 3%) for these FLs
(Figure 3). Thus, the obtained reasonable agreement suggests that the noticeable contribution of large
sea salt particles to the near-surface (altitude < 0.1 km) aerosol properties does not substantially modify
the estimated super-µm values of the complex RI, and thus the RI-adjusted values of the scattering
coefficient calculated for both sub- and super-µm particles.

Let us compare the observed and model values of the total scattering coefficients acquired for all
winter FLs. We describe the relationship between them graphically by scatterplots (Figure 9), as well
as numerically (Table 2).
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Figure 9. Comparison of the ambient total scattering coefficient observed (σobs) with ambient total
scattering calculated (σmod) for the original (a) and RI-based adjusted (b) size distributions at 0.55
µm wavelength for all TCAP FLs. Here b is the slope of the linear regression fits to the data (straight
orange lines). Error bars represent uncertainties of measured (Section 2) and calculated (Section 3.4)
scattering coefficients.
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To begin, consider the relationship between σobs and σmod,org (Figure 9a): the points diverge from
the 1:1 line, and thus the slope (0.63) is far from unity. There are three points with large values of
observed scattering coefficient (σobs > 40 Mm−1, Figure 9b). These points represent conditions with
either large values of RH (>60%) or substantial fraction of super-µm particles (>25%). The scatterplots
include the best linear fits estimated by the bivariate weighted method [48], while Table 2 contains
parameters of these fits (both intercepts and slopes). Note that this slope (0.63) is about 10% smaller
the corresponding summer slope (Figure 9a; [19]). Therefore, ignoring of the RI-based correction
results in even larger underestimation of the model scattering coefficient (σmod,org versus σobs)
during winter compared to summer. Such underestimation can be explained (at least in part)
by stronger ability of winter particles to absorb sunlight (Section 3.2). Recall, that the RI-based
correction takes into account the ability of particles to absorb sunlight and this correction is ignored for
σmod,org calculations. The outlined underestimation and its seasonal changes are responsible for the
corresponding differences between root mean squared errors (RMSE)—its winter value (8.77; Table 2)
exceeds the summer value (6.99; Table 2; [19]) noticeably (~20%). It is quite interesting to note that
the difference between mean values of σobs and σmod,org is about 40% (Table 2) and this difference
depends weakly on season (winter versus summer).

To continue, consider the relationship between σobs and σmod,adj (Figure 9b): the points cluster
more tightly around the 1:1 line, and the slope (1.19) is closer to unity. The difference between
mean values of σobs and σmod,adj is about 20% (Table 2). This difference, in combination with the
obtained values of slope and RMSE (Table 2), clearly show that application of the RI-based correction
substantially improves the agreement between the observed and model scattering coefficients (Figure 9;
Table 2). Since application of the RI-based correction requires several assumptions outlined in the
previous section, a reasonable level of agreement (about 20%) between the mean values of σobs
and σmod,adj also suggests that a moderate departure from ‘favorable’ conditions specified by these
assumptions would not substantially hinder the overall relationship between observed and RI-adjusted
scattering coefficients.

Table 2. Mean and standard deviation (StDv) of the observed (σobs) and calculated (σmod,org and
σmod,adj) scattering coefficients obtained for all TCAP FLs at three wavelengths. The corresponding
intercept (a), slope (b), their standard errors (in parenthesis) and Root Mean Squared Error (RMSE) also
are included. The RMSE is defined as the root mean squared difference between the observed and the
calculated scattering coefficients.

Scattering Coefficients Mean StDv RMSE a b

0.45 µm
σobs 21.80 14.35 - - -

σmod,org 15.96 11.04 7.51 0.30 (0.60) 0.73 (0.06)
σmod,adj 26.73 18.86 7.56 0.11 (0.99) 1.22 (0.10)

0.55 µm
σobs 18.18 12.11 - - -

σmod,org 11.39 7.94 8.77 0.21 (0.42) 0.63 (0.05)
σmod,adj 21.68 15.72 6.17 0.08 (0.79) 1.19 (0.10)

0.70 µm
σobs 12.89 9.17 - - -

σmod,org 7.34 5.28 7.43 0.23 (0.26) 0.56 (0.05)
σmod,adj 16.43 12.77 6.07 0.25 (0.57) 1.25 (0.11)

5. Summary

We examine the performance of the approach introduce by Kassianov et al. [19] to assess the
consistency and reasonableness of airborne data in the context of closure study of the ambient total
aerosol scattering coefficient. For our extended assessment, we use an integrated dataset collected
by the DOE G-1 aircraft during the winter of 2013 as part of the Two-Column Aerosol Project



Atmosphere 2018, 9, 228 14 of 19

(TCAP) campaign [11]. This dataset includes: (1) size distributions measured by three optical particle
counters (OPCs): an ultra-high sensitivity aerosol spectrometer (UHSAS; particle size range 0.06–1 µm),
a passive cavity aerosol spectrometer (PCASP; particle size range 0.1–3 µm), and a cloud and aerosol
spectrometer (CAS; particle size range 0.6–10 µm) mounted on the G-1; (2) chemical composition data
measured by three instruments: an aerosol mass spectrometer (AMS; particle size range 0.06–0.6 µm)
a single particle soot photometer (SP2; particle size range 0.06–0.6 µm), and a single particle mass
spectrometer (miniSPLAT; particle size range 0.05–2 µm); and (3) the dry total scattering coefficient
measured by TSI integrating nephelometer (particle size range 0.06–5 µm) at three wavelengths
(0.45, 0.55, 0.7 µm) and f(RH) measured with a humidification system at three values (near 45, 65,
and 90%) of relative humidity (RH) at a single wavelength (0.525 µm). The measured size spectra
and chemical composition in combination with the measured RH are used to estimate the ambient
complex refractive index (RI) and the RI-based correction for the OPC-derived size spectra, and thus
to calculate the model total scattering coefficient at ambient conditions.

We demonstrate that a reasonable level of agreement (about 20% at 0.55 µm wavelength on
average) between the observed and calculated values of the scattering coefficient can be achieved
at ambient conditions with a wide range of RH (5–80%) if the RI-based correction is applied for
the OPC-derived size spectra. The corresponding root mean square error (RMSE), which is defined
as the root mean squared difference between the observed and the calculated values, is reasonable
(about 6 Mm−1) as well. This level of agreement suggests that a moderate departure from the conditions
specified by several assumptions in our approach do not significantly impact our results. For example,
we use several assumptions in our Mie calculations of the total scattering coefficient, such as
assumptions of the internal mixture and size-independent complex RI (or chemical composition).
Note that the internal mixing assumption can lead to uncertainties in the calculated aerosol optical
properties and miniSPLAT data could be used to include variable size-dependent mixing state in these
calculations [49–51]. The assumption of the size-independent complex RI would be likely practical
even for potential events where the aerosol properties are influenced noticeably by sea salt because of
two main reasons: (1) sulfate (sub-µm particles) and sea salt (super-µm particles) have comparable
values of the complex RI, and (2) sulfate contributes considerably to the total aerosol mass in winter.
We also demonstrate that the calculated ambient scattering coefficient can substantially underestimate
(about 40% at 0.55 µm wavelengths on average) the observed one if the RI-based correction is ignored
for cases in which the complex RI estimated from the measured chemical composition and that used
for the OPC calibration are very different. The corresponding RMSE is substantial (about 9 Mm−1) as
well. The obtained substantial underestimation (~40%) of the calculated scattering coefficient provides
additional evidence of the importance of the RI-based correction.

We illustrate that there are differences between the airborne in situ data collected during
summer [19] and winter (this study). The winter observations are characterized by more frequent
clouds, which increase the variability of the observed scattering coefficient. To ensure that only
high-quality aerosol data are preserved, we identify the cloud penetrations and remove the
corresponding cloud-contaminated data from our analysis. We also demonstrate that the winter
dataset represent more hygroscopic particles and particles with an enhanced ability to absorb
sunlight. As a result, the single-scattering albedo is smaller in winter (0.90 ± 0.05) in comparison to
summer (0.93 ± 0.03). Moreover, the winter dataset has a larger fraction of super-µm particles in the
OPC-derived size distributions and thus in the calculated total scattering (on average 19% for winter
versus 7% for summer). The detailed review of the seasonal changes of the microphysical, chemical,
and optical aerosol properties and comparison of the TCAP results with those from previous studies
is given by Berg et al. [11]. The TCAP results discussed here represent mostly background coastal
conditions. Additional studies are needed to illustrate performance of our approach under polluted
conditions typically observed over large urban areas.

The airborne measurements of physical and chemical properties of aerosol at different spatial and
temporal scales are imperative additions for many climate-relevant studies and provide a critical data
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set for evaluating the model performance [52] and inter-comparison of aerosol optical properties
obtained from in situ measurements and remote sensing [53]. In view of these considerations,
assessment of the consistency and reasonableness of airborne data plays a critical role and our
introduced approach offers the opportunity for such assessment. It is expected that application
of this approach together with complementary measurements of aerosol and cloud properties from
the surface and space, and model simulations will lead to improvements in our understanding of the
complex aerosol-related processes. For example, by integrating information on the aerosol mixing state
and cloud properties, an overall picture of aerosol variability in terms of the physical and chemical
properties and of the intricate aerosol-cloud interplay could be pieced together [54,55].
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Appendix A. Contributions from Particles of Different Sizes to Scattering

Similar to Kassianov et al. [19], we calculate the ambient scattering coefficient σmod,adj at single
wavelength (0.55 µm) as a function of an assumed cut-off particle diameter D∗ (between 0.1 to
5 µm) to quantify contributions from particles of different sizes to the total scattering. Then we
calculate normalized ambient scattering coefficient ρ(D∗) = σmod,adj(D∗)/σmod,adj(D∗ = 5 µm),
which represents the relative contribution of particles with D < D∗ to the total scattering from all
particles smaller than 5 µm. Figure A1a shows the mean and standard deviation for ρ(D∗) computed
for all 39 TCAP flight legs considered in this study (Section 2). Super-micron particles contribute
noticeably to the total scattering in this case with ρ(D∗) reaching about 0.81 for D∗ = 1 µm (Figure A1a).
Note that there is a substantial (about three times) difference between the obtained winter contribution
(~19%, on average) and the corresponding summer contribution (~7%, on average).
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To further illustrate the relative contribution to σmod,adj from different particle size ranges (for
a given complex refractive index), we note that the relation for the ambient scattering coefficient
can be rearranged as σmod,adj =

∫ D∗
Dmin

(
dσmod,adj(D)/dD

)
dD, where Dmin ∼ 0.07 µm [19].

Using this rearranged relation, we calculate the derivative of the normalized scattering coefficient
as ρ′ (D∗) = σ

′
mod,adj(D∗)/σmod,adj(D∗ = 5 µm), where σ

′
mod,adj(D) = dσmod,adj(D)/dD. Figure A1b

shows that on average particles in the size range between 0.3 and 0.4 µm contribute mostly to the
ambient scattering coefficient.
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