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Abstract This study reports a characterization of the real part of dry particle refractive index (n) at 532 nm
based on airborne measurements over the United States, Canada, the Pacific Ocean, and the Gulf of
Mexico from the 2012 Deep Convective Clouds and Chemistry (DC3) and 2013 Studies of Emissions and
Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (SEAC*RS) campaigns. Effective
n values are reported, with the limitations and uncertainties discussed. Eight air mass types were identified
based on criteria related to gas-phase tracer concentrations, location, and altitude. Average values of n

for these air types ranged from 1.50 to 1.53. Values of n for the organic aerosol (OA) fraction (noa) were
calculated using a linear mixing rule for each air mass type, with 1.52 shown to be a good approximation for
all OA. Case studies detailing vertical structure revealed that n and npa increased with altitude, simultaneous
with enhancements in the mass fraction of OA. Values of noa were positively (negatively) correlated with
the O:C (H:Q) ratio in the absence of biomass burning influence; in contrast, the cumulative data set revealed a
slight decrease in npa as a function of the O:C ratio. The performance of parametric (multiple linear
regression) and nonparametric (Gaussian process regression) methods in predicting n based on aerosol
composition data is discussed. It is shown that even small perturbations in n values significantly impact
aerosol optical depth retrievals, radiative forcing, and optical sizing instruments, emphasizing the importance
of further improving the understanding of this important aerosol property.

1. Introduction

The refractive index (m) of atmospheric aerosol particles is a critical optical property that is used both in cal-
culating parameters relevant to radiative transfer (e.g., extinction coefficient, single scattering albedo, and
asymmetry factor) and for quantitative interpretation of data from optically based measurement devices
such as optical particle counters (OPCs). There are two parts associated with the complex m of aerosol parti-
cles (m = n — ik), including the real (n) and imaginary (k) components, which account for scattering and
absorption, respectively. Poorly constrained values of m, especially for organic compounds (Cappa et al.,
2011; Zarzana et al., 2014) as compared to inorganics (Abo Riziq et al., 2007), contribute to one of the largest
sources of uncertainty in estimating aerosol effects on climate and total radiative forcing (Intergovernmental
Panel on Climate Change, 2013). Furthermore, m is a necessary parameter in atmospheric models to compute
optical properties (e.g., Chin et al., 2002; Kaufman et al., 1997; Kinne et al., 2003). Models obtain optical prop-
erty data from lookup tables such as in the Global Aerosol Data Set (Koepke et al., 1997).

The focus of this work is the real component of dry particle refractive indices (n). The aforementioned appli-
cations and impacts of n typically apply to ambient particles that have undergone some amount of humidi-
fication. Therefore, it is important to note that the n value of dry particles are typically converted to the
corresponding value for humidified particles using a volume-weighted mixing rule approach using the refrac-
tive index of water (e.g., Levoni et al., 1997; Shettle & Fenn, 1979). Past measurement studies of ambient aero-
sol particles have reported a wide range of n values, usually between 1.4 and 1.6, with variability attributed to
instrument wavelength, dry particle size, air mass type, and composition (e.g., Dubovik et al., 2002; Ferrare
et al,, 1998; Guyon et al., 2003; Wang & Rood, 2008). There is a limited inventory of vertically resolved n data
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(e.g., Raut & Chazette, 2008), which is needed to quantify aerosol effects on vertical temperature profiles, con-
vection and redistribution of pollutants, and large-scale circulation patterns. In the absence of a direct mea-
surement, it is helpful to predict n based on other properties of aerosol. There is a scarcity of closure studies
that attempt to quantify the level of agreement between measured and predicted n values for ambient aero-
sol. Poor skill in predicting n values is problematic because a small error (5% change) can translate to a
change of ~30% in the radiative flux change at the top of the atmosphere (Redemann, Turco, Liou, Hobbs,
et al.,, 2000). An AERONET-based study showed that n values were the largest source of uncertainty in mod-
eled aerosol composition and aerosol water volume fraction (van Beelen et al., 2014).

The goal of this work is to report a characterization of n over North America using a combined data set col-
lected from two separate field campaigns in successive years (2012 and 2013). Owing to the extensive pay-
load of instruments used during the campaigns, it was possible to (i) define eight different air mass types, (ii)
categorize n values as a function of air mass type and altitude, (iii) derive values of n associated with organic
aerosol (npa) and examine their relationship with the oxygen-to-carbon (0:C) atomic ratio of organic aerosol
(OA), (iv) use case studies in different areas of North America to investigate spatial variability in n and how it is
related to aerosol composition, including an examination of how well linear and nonlinear models can pre-
dict n based on aerosol composition data, and (v) to put results of this work into perspective with calculations
of how both aerosol optical depth (AOD) and radiative forcing are sensitive to n perturbations.

2. Experimental Methods
2.1. Field Campaign Descriptions

Data used in this study were taken over the continental United States, southern parts of Canada, the north-
eastern Pacific Ocean, and the Gulf of Mexico during two field campaigns using the NASA DC-8 aircraft (flight
tracks shown in Figure 1). The first campaign was the Deep Convective Clouds and Chemistry (DC3) campaign
based in Salina, Kansas in May-June 2012 (Barth et al., 2015). DC3 was a multiplatform campaign aimed at
studying the chemical and transport processes associated with deep convection, with a focus on storms
developing over Alabama, Colorado, North Texas, and Oklahoma. DC3 consisted of four test flights and 18
research flights. The second campaign was the Studies of Emissions and Atmospheric Composition, Clouds
and Climate Coupling by Regional Surveys (SEAC*RS) based out of Houston, Texas in August-September
2013 (Toon et al, 2016). SEAC*RS was a multiplatform effort focused on the atmospheric composition over
North America, with two test flights and 21 research flights conducted with the DC-8.

Because of the wide spatial range of the flights, numerous aerosol types, based on criteria in Table 1 (adopted
from Shingler, Crosbie, et al., 2016), were sampled during the campaigns. A total of 19,303 data points were
resolved into the following categories (number of points, N; cumulative sample time): Biomass Burning (BB)-
Agricultural (150; 0.34 hr), Background (7,472; 37.75 hr), BB-Wildfire (2,599; 8.18 hr), Biogenic (5,234; 22.19 hr),
Free Troposphere (FT; 1,981; 23.99 hr), Marine (500; 3.52 hr), Urban (407; 1.78 hr), and Mix (960; 2.79 hr).

2.2, Instrument Data Sets

2.2.1. DASH-SP Description

The Differential Aerosol Sizing and Hygroscopicity Spectrometer Probe (DASH-SP) provided rapid measure-
ments of size-resolved dry particle n values during both DC3 and SEAC®RS. The instrument has been dis-
cussed extensively in previous work, with most of the scientific focus placed on data derived for
hygroscopic growth factors, representing the ratio of humidified particle diameter to dry diameter (Hersey
et al, 2009, 2011, 2013; Shingler, Crosbie, et al., 2016; Shingler, Sorooshian, et al., 2016; Sorooshian, Hersey,
et al, 2008; Sorooshian, Murphy, et al., 2008; Sorooshian et al., 2017). Sampled particles first pass through
an isokinetically controlled inlet (McNaughton et al., 2007) prior to going through a dryer at the inlet of the
DASH-SP. Dried particles subsequently pass through an aerosol charge neutralizer and a classification differ-
ential mobility analyzer that produces a stream of dry, monodisperse particles. Those particles are then split
into two streams and fed to separate OPCs measuring light scattering with diode lasers at a wavelength of
532 nm (World Star Technologies, Model TECGL-30). One stream keeps particles in a dry state while the other
includes a diffusion-based aerosol conditioning module to bring particles to equilibrium at a controlled and
enhanced relative humidity (RH) prior to the OPC measurement. During the DC3 and SEAC*RS campaigns, the
DASH-SP sampled particles with scanning between dry diameters (D 4ry) between 180 and 400 nm. The RH
in the dry OPC sampling channel was usually maintained below 15% (mean =+ standard
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Figure 1. Spatial map of DC-8 flights (black trace) during Deep Convective Clouds and Chemistry (4 test, 18 research) and
Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys (2 test, 21 research).
Colored markers represent measured DASH-SP n values. Locations are shown for biomass burning (BB) events from
wildfires and agriculture. The inset histogram shows the frequency of occurrence of different n values in 0.01 increments.

deviation = 12% + 4%), which is the channel from which the dry particle n data are derived. Note that the wet
aerosol n values from the humidified OPC channel data are not used in this study as they are not
representative of ambient RH but rather a prescribed instrument RH.

Values of n are calculated from a calibration surface developed by determining the OPC electrical pulse
height signals for 36 dry mobility size settings between 150 and 500 nm for various calibration salts with
known n values (i.e., LiF, Na,SO4, K,S04, (NH,4),S04, NaCl, and polystyrene latex spheres). More specifically,
Figure S1 in the supporting information shows a representative calibration surface for Dy, 4, versus electrical
pulse height, with different colored markers for salts of varying n values. High-order polynomial equations are
derived based on the markers for each individual salt such that n can be determined based on knowledge of
Dp,ary and electrical pulse height. The uncertainty (or error), taken as the standard deviation (e.g., Taylor,
1982), in the n measurement varies based on where a sampled particle resides in D, 4r,~pulse height space.
Figure S1 and Table S1 summarize the uncertainty and also the precision, considered to be fractional uncer-
tainty (Taylor, 1982), associated with the DASH-SP as a function of Dy, 4, and n. Of note is that there is a clear
separation between data for different salts at a fixed D, 4r, with the average precision being between 1% and
3% based on the salt across the entire range of D, 4, values tested. A representative uncertainty of 0.006 was
derived for n based on Table S1 by (i) averaging the fractional uncertainty across all Dy, 4y, values for individual
salts, (i) taking an average of the overall fractional uncertainty for the six salts, and (i) multiplying the latter

Table 1

Criteria Used for Defining Different Air Mass Types Based on the Work of Shingler, Crosbie, et al. (2016)

Air mass type Criteria

BB-Wildfire Acetonitrile > 250 pptv or (when acetonitrile unavailable) CO > 250 ppbv in nonurban areas

BB-Agricultural Same as BB-Wildfire with additional visual confirmation of crop burning

Biogenic Isoprene + monoterpenes + MVK + MACR > 2 ppbv and acetonitrile < 250 pptv

Marine In PBL; over ocean and greater than 40 km from the coast

Urban In PBL; spatially over Houston (30.50°N, —94.60°W to 29.00°N, —96.10°W) or Los Angeles
(34.17°N, —117.00°W to 33.44°N, —119.75°W)

Background In PBL; did not fit into first five categories

Free Troposphere (FT)  Above PBL; did not fit into first five categories

Mix Fit into more than one of the first five categories

Note. BB = biomass burning, PBL = planetary boundary layer.
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result by the average n value for the six salts tested. This provides confidence in distinguishing between n
differences of 0.01 between the lower and upper limits of n reported in this study (1.42 and 1.61, respectively).

It is important to clarify that the n values retrieved by the DASH-SP should not be considered as true
values but rather effective values as this single parameter incorporates the roles of shape and absorbing
materials. Such a designation is often made for optically based instruments (e.g., Rosati et al., 2015;
Shingler, Crosbie, et al., 2016). The DASH-SP algorithm assumes that particles are spherical; however, dur-
ing calibrations, the cubic nature of NaCl is accounted for by using a dynamic shape factor of 1.08
(Hameri et al., 2001). Aerosol with a significant imaginary component k can impact the OPC scattering sig-
nal (e.g., Shingler, Crosbie, et al., 2016). More specifically, absorbing components can lead to an underes-
timate of n. Black carbon (BC) comprised a small fraction of the overall particle composition in DC3 and
SEAC?RS (mass fraction < 2%; Perring et al., 2017; Shingler, Crosbie, et al,, 2016; Sorooshian et al., 2017).
Furthermore, mean single scattering albedo (SSA) values at 550 nm, as derived from the Langley Aerosol
Research Group Experiment package described below, were within the range of values expected for
aged particles without strong absorptive properties (0.91-0.99) as compared to fresh wildfire emissions
(e.g., Corr et al, 2012): DC3 = 0.93 + 0.04, SEAC*RS = 0.95 + 0.02.

2.2.2. Other Instrumentation

Data from a number of other instruments were time synchronized with the DASH-SP. As part of the criteria
used for air mass categorization, gas-phase data were used from the proton transfer reaction-mass spectro-
meter (de Gouw & Warneke, 2007) for selected species, including methacrolein, methyl vinyl ketone, mono-
terpenes, isoprene, and acetonitrile. Carbon monoxide data were obtained with a folded-path, differential
absorption mid-IR diode laser spectrometer (Sachse et al.,, 1987). Nonrefractory composition for submicrom-
eter particles, including oxygen-to-carbon (O:C) and hydrogen-to-carbon (H:C) atomic ratios, was measured
with an Aerodyne high-resolution time-of-flight aerosol mass spectrometer (Canagaratna et al, 2007;
DeCarlo et al, 2006). BC data were obtained with a humidified-dual single-particle soot photometer
(Schwarz et al., 2015). To assist with identifying the height of the planetary boundary layer, water vapor data
are used from the diode laser hygrometer (Diskin et al., 2002). Aerosol data were used from the Langley
Aerosol Research Group Experiment instrument package for both single scattering albedo (at 550 nm), as
measured by a TSI 3563 integrating nephelometer, and aerosol size distributions between diameters of 60 nm
and 1 um using an ultra-high sensitivity aerosol spectrometer (Droplet Measurement Technologies, Inc.).

2.3. Modeling

To investigate the n-composition relationships in more depth, linear and nonlinear regression techniques
were used. The first modeling method was multiple linear regression (MLR) analysis, which describes the
dependence of a response on several independent variables:

Vi =P+ Paxa+ o+ foxn M

where y;, 81, and j3, are the predicted response (i.e., n in this study), the intercept, and the regression coeffi-
cient of the predictor variables (i.e., x;), respectively.

In the second modeling approach, Gaussian process regression (GPR) was utilized to evaluate the perfor-
mance of a nonlinear technique for prediction of n. GPR is a convenient and powerful regression nonpara-
metric approach used in a diversity of fields ranging from biology to Earth sciences and chemical engineering
(e.g., Reggente et al., 2015; Wang et al., 2017). Unlike parametric approaches such as MLR, GPR is a probabil-
istic modeling approach with the ability to predict uncertainty of estimations (Rogers & Girolami, 2016).
Assuming a relationship of the form n; = f(x;) + ¢ between the predictors, x; the response value, n; and error
term, &, = (0, 62), GPR generates a joint multivariate Gaussian distribution over vectors of responses with
the mean of " and covariance matrix of £". To obtain ', we employed the rational quadratic kernel (RQK),
expressed as follows:

r

2 —a
2
C(X,',Xj) =0 (1 +2a0_12) (2)

RQK is derived as a scale mixture of squared exponential kernels of different length scales (Wilson & Adams,
2013), in which a is scale-mixture parameter, r is the Euclidean distance between x; and x; and oy is the
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characteristic length scale that determines how fast the Gaussian Process function varies with the provided
input. The distribution of predicted values, f, relies on 6> and the observation values at the training points, n;.
The predictive conditional distribution p(f*| n, %) is expressed as follows (Rogers & Girolami, 2016):

p(f|n,o®) = ¥ (u*,X) 3)

where
p =R (C+a*y) 'n 4)
T =C —R(C+o*y) 'R ()

and /is the identity matrix with size of N x N, with N being the number of training sets and C being the covar-
iance matrix for the training sets:

C(X],X]) C(X1,XN)
C= : : (6)

c(Xn,X1) oo C(XnNyXN)

C’ is the covariance matrix with size of L x L, where L is the number of testing data points for the testing set:

c(xi,xy) . c(xi.x))
= : : (7)

c(xp,xy) o c(x(.x)

Finally, Ris a N x L cross-covariance matrix, which evaluates the similarity between features of training and
testing points.

c(xi,xy) .. c(xi,x))
R= : : (8)

c(xn.x;) oo clxn,xp)

The GPR RQK analysis was conducted using the Regression Learner application in MATLAB, with the addition
of k-fold cross validation (k = 5). This involved dividing the original data set randomly into five subsamples,
with one considered as the testing set for validating the model trained by the other four sets. This process
was repeated a total of five times with the results averaged at the end.

3. Results and Discussion

3.1. Cumulative Data

3.1.1. Air Mass Type Categorization of n

A spatial map of n values from DC3 and SEAC*RS is shown in Figure 1, while Table S2 reports descriptive sta-
tistics for each air mass type that are also visually summarized in Figure 2 in the form of a box-and-whisker
plot. The results reveal that although a wide range was observed (1.42-1.61), most n values were within a nar-
rower range, regardless of location and air mass type. The average and median n values for each air mass type
varied between 1.50-1.53 and 1.50-1.54, respectively. The Urban and BB-Wildfire air types exhibited the
highest median (1.54), while the FT air type exhibited the lowest median (1.50). The interquartile range
was narrowest for BB-Agricultural (0.01), with the widest range (0.03) for four other air types (Background,
FT, Marine, and Urban). The overall range of values was narrowest for the BB-Agricultural (0.08) category
and widest for the Biogenic and FT categories (0.19). There is a significant variability within a single air mass
type, which has implications for assuming a fixed value. As noted already, a 5% change in n can yield a ~30%
change in the radiative flux at the top of the atmosphere (Redemann, Turco, Liou, Hobbs, et al., 2000).

There are scarce reports of vertically resolved n values, especially as a function of air mass type. The results of
the limited reports from the literature reveal that there exist vertical layers with distinct n values (Ferrare et al.,

ALDHAIF ET AL.

8287



Ar |

100 Journal of Geophysical Research: Atmospheres 10.1029/2018JD028504
1627 T =
[ 1 = - —
1.6 | ':' : - I = T ,
158 | : | | : 1 1 |
1.56 | I - 1 1 : | ! J 1
1 1 1 1 i 1 1
1.54 E E |
e 152" E i E | E i
150 ! : ! E 1 I :
1.48 1 + 1 1 ! ! ! 1
. | . | : 1 A 1 i
146 | | ; I : —
1.44 | : : 1 I I =k
1.42 1 1 + L £
All BB - Agric Background BB - Wildfire Biogenic Fre;. Trop. Marine Urban M‘ix

Figure 2. Box-and-whisker summary of n values for each air mass type sampled during both Deep Convective Clouds and
Chemistry and Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys.
The lower (Q1) and upper quartile (Q3) are represented as the bottom and top bounds of the boxes, respectively, with the
ends of the lines representing the minimum and maximum values. Numbers of points in each category are as follows:
All = 19,303, Biomass Burning (BB)-Agricultural = 150, Background = 7,472, BB-Wildfire = 2,599, Biogenic = 5,234, Free
Troposphere = 1,981, Marine = 500, Urban = 407, and Mix = 960.

1998; Redemann, Turco, Liou, Russell, et al., 2000). Knowledge of n variability with altitude is important for
whether assumptions of a constant columnar value are valid. Vertically resolved values of n are reported
for each air mass type in Figure 3. There is inhomogeneity in n values as a function of altitude within an air
mass type and especially high variability in the BB-Wildfire category. A series of case studies are
subsequently analyzed to examine the degree of vertical variability in fixed areas without mixing data
from numerous flights such as in Figure 3.

Table 2 reports values from other regions to place the values in this work in context. For those studies with n
data at the same wavelength as this study (532 nm), n values were similar. The ranges of values for BB-
Agricultural (1.49-1.56) and BB-Wildfire (1.43-1.61) were mostly in the range of those used in models and cal-
culations for biomass burning smoke aerosol (1.47-1.58) (Anderson et al., 1996; Dubovik et al., 2002; Lenoble,
1991; Westphal & Toon, 1991).

3.1.2. Application of the Linear Mixing Rule

While n values of pure species such as inorganic salts (NaCl, (NH,4),50,) are well established, those for carbo-
naceous species are less certain, especially since values for OA species depend on precursor type, oxidation
pathway for formation, and aging of secondary organic aerosol (SOA) and particle growth (Cappa et al., 2011;
Flores et al., 2014; Kim et al., 2010, 2012; Kim & Paulson, 2013; Moise et al., 2015). In their review paper, Moise

12 12
Free i
BB Background BB Biogenic Trop. Marine Urban Mix
Agric Wildfire :

1 10
— 8 8
£ €
£ £
S 6 6 B
3 F]
£ £
= =
<, 4 <

2 : ' 2

0 0

1.5 1.6 1.5 1.6 1.5 1.6 1.5 1.6 1.5 1.6 1.5 1.6 1.5 1.6 1.5 1.6
n

Figure 3. Vertical profile of n for dry aerosol sampled during both Deep Convective Clouds and Chemistry and Studies of
Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys as a function of air mass type.
Black lines represent averages, and borders of the red shading represent one standard deviation. BB = biomass burning.
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Table 2
Values of the Real Part of Dry Aerosol Refractive Index (n) Reported for Other Regions
Region n (wavelength) Reference
United States Eastern Seaboard 1.33-1.45 (815 nm) Redemann, Turco, Liou, Russell, et al. (2000)
Big Bend National Park (southwest Texas) 1.566 + 0.12 (632.8 nm) Hand and Kreidenweis (2002)
Southern Great Plains ARM site (Oklahoma) 1.4-1.5 (351, 530, and 1,069 nm) Ferrare et al. (1998)
Cuiaba, Brazil (smoke influence) 1.53-1.59 (438-1,020 nm) Yamasoe et al. (1998)
Beijing, China 1.50-1.53 (532 nm) Li and Mao (1990)
Paris, France 1.51 +0.02 (532 nm) Raut and Chazette (2008)
European plumes over Atlantic Ocean 1.56 + 0.07 (532 nm); range: 1.45-1.67 Muller et al. (2002)
Bovine source in California 1.48-1.51 (532 nm) Sorooshian, Murphy, et al. (2008)
Northwest China 1.47-1.55 (400, 500, 675, 870, and 1,220 nm) Liu et al. (2008)

etal. (2015) showed that n for SOA ranges from 1.35 to 1.6. Here we use the field data set to derive values for
noa to then compare to other reported values in the literature, which are mostly from controlled
laboratory experiments.

Perhaps the simplest way to predict n for multicomponent particles is a linear average of n values of each
pure component weighted by its respective volume fraction, as shown in equation (9) (e.g.,, Redmond &
Thompson, 2011; Seinfeld & Pandis, 2016; Sokolik & Toon, 1999):

n=3e¢mn; ©)

where ¢; represents the volume fraction of each component i. Individual volume fractions are calculated as
follows using knowledge of the mass concentration and density of each species considered:

b =25 (10)

This sort of volume-weighted mixing rule, which is empirical in nature, is applied in general circulation mod-
els to quantify radiative forcing of internally mixed aerosols (e.g., Haywood et al., 1997; Myhre et al., 1998).
This approach assumes that particles are uniformly internally mixed. In contrast to other mixing rules (e.g.,
Maxwell-Garnett rule, extended effective medium approximation), a simple linear mixing rule was shown
to be the best predictor of n for non-absorbing materials in past work relying on cavity ring-down spectro-
scopy (Abo Riziq et al., 2007). That work also showed that for aerosol with a small volume fraction of absorb-
ing substances, all mixing rules yielded similar results.

Using volume fractions relies on assumptions about both density and n values for individual aerosol con-
stituents. Representative values used in past work are summarized in Table 3. One of the largest uncer-
tainties in Table 3 is the n value associated with OA. Rather than use a volume-weighted mixing rule
to derive a predicted n value, an alternative approach applied here is to use the measured n value in
Equation (9) to back-calculate a value for nga. The current data set allows for such an investigation with
the cautionary note that only bulk aerosol composition data for submicrometer aerosol are used. While

Table 3

Values of n and Denisity (p) Assigned to Various Aerosol Constituents in Past Studies

Constituent n Reference P (g/cm3) Reference

Black Carbon 1.960 Hand and Kreidenweis (2002) 2.000 Hand and Kreidenweis (2002)

Organic aerosol 1.550 Zhang et al. (1994) and Hand and Kreidenweis (2002) 1.400 Dick et al. (2000) and Hand and Kreidenweis (2002),
and Gysel et al. (2007)

(NH4)2SO4 1.530 Zhang et al. (1994), Tang (1996), and Hand and Kreidenweis (2002) 1.769 Gysel et al. (2007)

NH4HSO4 1473 Tang (1996) 1.780 Tang (1996) and Gysel et al. (2007)

H,SO4 1.408 Hand and Kreidenweis (2002) 1.830 Gysel et al. (2007)

NH4NO3 1.554 Tang (1996) 1.720 Gysel et al. (2007)
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size-resolved composition data were collected, the signal-to-noise ratio for this particular data set is too
limited to inform our analyses. However, the averaged size distributions suggest internally mixed aerosol,
except in fresh biogenic plumes. Lastly, this analysis assumes all non-OA species not shown in Table 3 are
consumed in the value of noa.

An ion pairing technique (e.g., Gysel et al., 2007) was used to obtain values for volume fractions for inorganic
constituents (ammonium nitrate, sulfuric acid, ammonium bisulfate, and ammonium sulfate) using data from
the high-resolution time-of-flight aerosol mass spectrometer. Additionally, OA and BC constituted two sepa-
rate categories. Data for densities and n values for pure aerosol constituents from Table 3 were applied to
equations (9) and (10) with the exception of npoa. Additionally, OA density was calculated using the following
formula (Kuwata et al., 2012):

(124 1(H:C) +16(0 : C)]
[7+5(H:C) +4.15(0 : C)]

poa = 1,000 (1)

Table 4 shows that the value of ngpa is 1.52 + 0.03 for the cumulative data set, with a mean value varying
between 1.50 and 1.59 for individual air mass types. With the exception of the Marine category, which
exhibited a relatively smaller sample set (N = 200) and exhibited high variability (standard devia-
tion = 0.04), values for the other air mass types and the cumulative data set were less than the 1.55 value
reported in Table 3 in past work. To put the noa values from Table 4 in more context, the range of n
values for SOA (1.35-1.60) reported in the review study by Moise et al. (2015) encompasses the mean
and median values derived in this work for noa. Controlled experiments have provided values for bio-
genic SOA (1.44) and anthropogenic SOA (1.55) at 532 nm (Kim & Paulson, 2013), which is consistent with
how the mean nga for the Urban air type (1.54) exceeded that of the Biogenic type (1.52). Redmond and
Thompson (2011) reported n values of 1.49-1.51 and 1.49-1.50 at 532 nm for SOA generated from
a-pinene and toluene, respectively.

The oxygen-to-carbon (O:C) atomic ratio of OA is often used as a proxy for oxidation state of OA, where
conflicting results exist in the literature with n both decreasing and increasing as a function of O:C ratio
for various organic systems (Moise et al., 2015). For example, He et al. (2018) observed an increase fol-
lowed by a reduction in noa as a function of the O:C ratio for SOA derived from precursors such as
p-xylene and B-pinene. In contrast, Cappa et al. (2011) showed that n increased with oxidation lifetime
for squalene (proxy for primary OA) and azelaic acid (proxy for oxidized OA) from 1.49 to 1.54 and 1.48
to 1.55, respectively. The relationship between nga and the O:C ratio for the cumulative data set is sum-
marized in Figure 4. Data from the Moise et al. (2015) review study are also shown to demonstrate that
the variability observed in the atmosphere during DC3 and SEAC®RS was similar to that observed in SOA
laboratory studies. Owing to considerable scatter, the O:C data were also represented as decile averages
to illuminate potential hidden trends. Owing to the lack of strong dependence of noa on the O:C ratio, a
value of 1.52 is suggested here as a good approximation for nga. While not a strong feature, an interest-
ing aspect of the decile average representation in Figure 4 is that there is slight decreasing trend in noa
above an O:C ratio of 0.60. Others have also observed decreases in nga as a function of the O:C ratio in

Table 4
A Summary of npp Values Retrieved Using the Linear Mixing Rule as a Function of Air Mass Type for the Cumulative Data Set

All BB-Agric Background BB-Wildfire Biogenic Free trop. Marine Urban Mix
Mean 1.52 1.52 1.51 1.53 1.52 1.50 1.59 1.54 1.52
St. dev. 0.03 0.01 0.03 0.03 0.02 0.03 0.04 0.03 0.02
Maximum 1.66 1.56 1.66 1.61 1.65 1.65 1.66 1.65 1.65
Minimum 1.39 143 1.40 1.41 1.41 1.39 1.47 1.47 1.44
Third quartile (75th percentile) 1.53 1.53 1.53 1.54 1.54 1.52 1.62 1.55 1.53
Median (50th percentile) 1.52 1.52 1.51 1.53 1.52 1.50 1.59 1.54 1.52
First quartile (25th percentile) 1.50 1.52 1.49 1.51 1.51 1.48 1.56 1.52 1.51
Count 16,689 118 6,427 2,201 4,905 1,938 200 225 675

Note. BB = biomass burning.
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Figure 4. Relationship between npp and the O:C ratio of the organic aerosol fraction of the aerosol for the cumulative data
set. The standard error on the mean quantile points is too small to see. Also shown are data for various secondary organic
aerosol systems from Figure 8 of the review study of Moise et al. (2015).

the same general O:C range for OA derived from precursors such as naphthalene and tricyclo[5.2.1.0%°]
decane (Lambe et al,, 2013).

An uncertainty analysis analogous to that of Mei et al. (2013) for the derivation of organic hygroscopicity
was conducted here for the derivation of noa to quantify the contributions to total uncertainty from
values of n and volume fractions of participating species. Refer to the supporting information for the deri-
vation of the equations used to summarize the uncertainty results in Figure S2. The uncertainty in the
derivation of noa using the mixing rule decreased rapidly with increasing volume fraction of OA. As
the mean and median of mass fraction (MF) of OA (MFoa) were 0.63 and 0.65, respectively, for the cumu-
lative data set, this points to reduced uncertainty in the derived noa values in this study. Since the uncer-
tainty in noa values decreased as a function of contributions by OA using the linear mixing rule, it was of
interest to examine the same relationship from Figure 4 when data were filtered for MFgs > 0.60 (~40%
of valid points; Figure S3) and MFga > 0.80 (~10% of valid points; Figure S4). The key characteristic from

Figure 4 still preserved in Figures S3 and S4 is that an approximate value of 1.52 (mean value for “All" in

Table 5) for npp is robust and that the relationships in Figures 4 and S3-S4 are intrinsic to OA and not
caused by other uncertainties feeding in through the mixing rule.

As shown in the review study of Moise et al. (2015), the trend in noa with O:C could vary with source as
revealed by results from various laboratory studies of biogenic and anthropogenic SOA. To examine this
in greater detail with the field data set, a number of case studies
are examined in the next section to determine what the depen-
dence is of noa on both the O:C and H:C ratios of OA, with the lat-
ter being higher for less oxidized aerosols (including
primary aerosols).

Process Regression Rational Quadratics Kernel (GPR RQK) and Multiple Linear
Regression (MLR) to Predict n with the Following Chemical Parameters: MFop,

MFitrater MFsuitater MFammonium: MFchiorides MFac, and the O:C and H:C ratios of

Organic Aerosol

3.2. Case Studies

Case

A series of case studies are examined here that exhibited signifi-

Cumulative data set (Figures 1-3)
S. California (Figure 5)

Fort Worth (Figure 6)

Houston (Figure 7)

Wyoming 1 (Figure 8)

Wyoming 2 (Figure 9)

Kansas (Figure 10)

Gl GPRRQK  cant correlations between n and composition, using the MFga as
0.21 0.61 a representative proxy for composition. For each case study, the
0.16 —0.04 spatial variability of n and npa is reported, in addition to how
g'gj g'gg nop is related to the two chemical ratios (O:C and H:C) represen-
0:72 0:71 tative of the OA fraction of aerosols. Lastly, the skill of parametric
045 048 and nonparametric modeling approaches in predicting n using
0.96 0.80 chemical data is assessed. While several case studies are noted

Note. Note that a negative R? value for GPR RQK means that the trained model
performs more poorly than the model where the response is constant and
equals the mean of the training response. MF = mass fraction.

below as having characterized vertical structure, there was still
a horizontal variability owing to the aircraft often conducting
slant soundings.
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Figure 5. Transect during a Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by Regional
Surveys flight on 23 September 2013 (16:08-16:41 local time) across southern California showing (a) variability in n at
relatively fixed altitude (0.34 £ 0.04 km) and Dy, gry (195 nm). The two major air mass types sampled for the majority of the
sounding were Background and Urban. The arrow signifies the direction of aircraft movement. The inset plot shows the
relationship between n and mass fraction of organic aerosol (MFga). (b) Same as (a) but for noa and with the inset plot
showing how npa depends on the O:C and H:C ratios of organic aerosol.

3.2.1. Boundary Layer Variability Across Southern California

A unique opportunity presented itself during the 23 September 2013 flight to conduct a low altitude transect
(335 m + 44 m) across a large section of southern California extending from El Centro, over the Salton Sea,
through Banning pass, and finishing near Pasadena (Figure 5; 16:08-16:41 local time). The results show a gen-
eral reduction of n moving from east (up to 1.54) to west (down to 1.49), which reflects a transition from
Background air in the eastern part of the transect to Urban air in the Los Angeles Basin (Figure 5a).
Shingler, Crosbie, et al. (2016) previously showed for the same transect that subsaturated aerosol hygrosco-
picity similarly decreased from east to west, coincident with enhancements in MFg, and reductions in the O:C
ratio. More specifically, in the outflow region to the east of the Los Angeles Basin (i.e., east of —117.00°W),
considered as Background air, the average MFp, and O:C ratios were 0.61 + 0.08 and 0.85 + 0.28,
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Figure 6. Same as Figure 5 but for a vertical profile (1.04-2.91 km) during a Studies of Emissions and Atmospheric
Composition, Clouds and Climate Coupling by Regional Surveys flight on 16 August 2013 (16:26-16:35 local time) near
the Texas-Oklahoma border to the west of the Dallas-Fort Worth metropolitan area. Values of Dy, 4y ranged from 191 to
218 nm. Two air mass types were sampled (Background and Free Troposphere).

respectively. In contrast, the average MFp and O:C ratios in the Urban area inside the Los Angeles Basin were
0.80£0.01 and 0.53 + 0.04. There was an inverse relationship between MFg, and n (r = 0.46; Figure 5a). Values
of npa during this case study varied from 1.47 to 1.58, with a reduction in value toward the west (Figure 5b).
The O:C (H:C) ratio was positively (negatively) related to noa.

3.2.2. Vertical Structure Over Fort Worth, Texas

On 16 August 2013, the aircraft conducted a downward sounding to the west of the Dallas-Fort Worth metro-
politan area in north Texas, with a portion of interest shown between 16:26 and 16:35 (local time) in Figure 6.
During the descent from 2.91 to 1.04 km, values of n decreased from as high as 1.48 to as low as 1.42 while
sampling, in order, FT and Background air mass types. Similar to the last case, OA comprised the majority of
the submicrometer mass concentration; however, unlike the previous case, n was positively correlated with
MFoa (r = 0.81). The reason for the opposite sign of the relationship between n and MFg, is not obvious but
likely is linked to the overall make-up of the rest of the aerosol constituents and the nature of the OA itself.
Values of noa decreased from 1.47 at the higher altitudes to as low as 1.41 at the lower altitudes. Similar to the
previous case, noa Was positively (negatively) correlated with the O:C (H:C) ratio.

3.2.3. Vertical Structure Over Houston, Texas

A vertical profile was conducted on the same flight as the last case (16 August 2013; 17:34-17:46 local time)
farther south to the west of Houston, Texas (Figure 7). Aspects of this profile were very similar to the one in
north Texas, in that n increased with altitude (1.45-1.51 from 1.29 to 4.23 km) as the aircraft sampled the
same two air mass types (Background, FT). The submicrometer chemical profile was again dominated by
OA, and a strong relationship was observed between n and MFg, (r = 0.97). Values of nga increased from
1.44 at the lower altitudes to as high as 1.49 at the higher altitudes. Similar to the previous two cases, noa
was positively (negatively) correlated with the O:C (H:C) ratio.

3.2.4. Vertical Structure Over Northeastern Wyoming

Two separate cases are examined from a flight on 19 August 2013 over northeastern Wyoming. The first
case (12:03-12:36) extended from 0.30 to 2.34 km and was characterized by an increase in n with altitude
(1.52-1.57; Figure 8). This case included influence from Background, BB-Wildfire, and Biogenic air masses;
consequently, OA was a major component (MFoa = 0.84 + 0.09). The second case (12:49-13:12) extended
between 2.52 and 4.12 km, with a general increase in n with altitude (1.55 to 1.60) (Figure 9). The air mass
types examined included FT and BB-Wildfire. Again, the composition was dominated by OA, and this case
in particular was the most polluted of all cases with an average submicrometer mass concentration
of 43.0 + 25.7 pg/m>.

Values of n and MFgp were positively correlated in both Figures 8a and 9a. Values of noa increased with alti-
tude in both cases (1.51 to 1.56 in Figure 8b; 1.55-1.60 in Figure 9b). Unlike the other case studies examined,
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Figure 7. Same as Figure 5 but for a vertical profile (1.29-4.23 km) during a Studies of Emissions and Atmospheric
Composition, Clouds and Climate Coupling by Regional Surveys flight on 16 August 2013 (17:34-17:46 local time) over
southeast Texas. Values of Dy, gry ranged from 204 to 240 nm. Two air mass types were sampled (Background and Free
Troposphere). MFoa = mass fraction of organic aerosol.

the two case studies in Figures 8 and 9 exhibited negative (positive) relationships between nga and the O:C
(H:Q) ratio. Although the exact reason is unclear with the given data set, important features of these two cases
included BB-Wildfire influence and the highest overall MFo4 values.

3.2.5. Vertical Structure Over Kinsley, Kansas

The last case examined was from 19 August 2013 (15:22-15:20) when the aircraft examined a column
between 0.58 and 3.27 km near Kinsley, Kansas. Values of n increased again with altitude (1.45 to 1.52) during
a period where the submicrometer mass was dominated again by OA and the following three air mass types
were probed: Background, BB-Wildfire, and FT. Similar to most of the previous cases, n and MFg were posi-
tively correlated. Values of npp increased with altitude from 1.44 to 1.52, with noa being positively (nega-
tively) correlated with the O:C (H:C) ratio.

3.2.6. Summary of Case Studies

Significant changes in n were observed in each case study discussed, emphasizing the importance of having
high spatial resolution measurements of this important parameter. The overall ranges in n for the six cases
varied from as low as 0.05 (Figure 9) to as high as 0.08 (Figure 10). Similarly, derived values of nga varied
between as low as 0.05 (Figure 8) to as high as 0.11 (Figure 5). All cases examining vertical variability
(Figures 6-10) revealed that n and ngpa increased with altitude, with the common chemical feature being
coincident enhancements in MFoa and thus reductions in the contribution of inorganic species. The one case
not showing a positive correlation between n and MFos was from southern California (Figure 5), with a
unique feature in that case being that it was characterized by the lowest overall O:C ratio (0.64 + 0.22). As
the O:C ratio was generally positively correlated with nga (and thus n) in all cases (except when there was
BB-Wildfire), systematically lower values in the southern California case may be linked to why n did not reveal
a positive correlation with MFga. The differing correlations in the case studies indicate that trends exist but
vary between various types of OA and precursor sources. Future work using a coordinated approach to char-
acterize composition and volatility of OA can help better constrain the relationship between n and SOA com-
position, as suggested by Moise et al. (2015).

In order to examine how well parametric (i.e.,, MLR) and nonparametric approaches (i.e., GPR RQK) can predict
n, Table 5 summarizes model performance, based on adjusted R* values, with predictor variables being MFop,
MPFitrater MFsuifater MFammonium: MFchiorides MFgc, @and the O:C and H:C ratios of OA. The analysis was done for
each case study and the cumulative data set. Mass fractions were used rather than volume fractions to cir-
cumvent errors associated with application of the ion pairing technique and assumptions of densities.
Furthermore, the use of mass fractions here is meant to be for more practical use based on typical data avail-
able from field instruments measuring composition. For the cumulative data set, GPR RQK yielded higher
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Figure 8. Vertical profile (0.30-2.34 km) during a Studies of Emissions and Atmospheric Composition, Clouds and Climate
Coupling by Regional Surveys flight on 19 August 2013 (12:03-12:36 local time) over northeastern Wyoming. Values of D,
dry ranged from 244 to 267 nm. Three air mass types were sampled (Background, Biomass Burning (BB)-Wildfire, and
Biogenic). The arrow signifies the direction of the aircraft. MFga = mass fraction of organic aerosol.

adjusted R? values than MLR, in contrast to most of the individual cases as the latter cases were characterized
by a smaller sample size; GPR RQK benefits from having larger sample sets to use for training the model.
Unlike the cumulative data set, the results indicate that a linear model can yield fairly good performance
in predicting n for simple case studies, with adjusted R? values ranging between 0.45 and 0.96. Other work
has shown that at least for the organic fraction of aerosol, models relying on quantitative structure-
property relationships (Redmond & Thompson, 2011) and group contribution approaches are promising
(Cai et al., 2017). However, these methods require information about the aerosol that is difficult to obtain
for the complex organic fraction of ambient aerosol with field measurements, such as molecular formula,
chemical functionality, and density.

3.3. Sensitivity of AOD and Radiative Forcing to n

To place the variability in n values reported above in perspective, sensitivity calculations were performed
for AOD in response to n perturbations between 1.42 and 1.60 for each air mass type. The calculations
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Figure 9. Spatial profile during a Studies of Emissions and Atmospheric Composition, Clouds and Climate Coupling by
Regional Surveys flight on 19 August 2013 (12:49-13:12 local time) over northeastern Wyoming. Values of Dy, 4, ranged

from 271 to 288 nm. Two air mass types were sampled (Biomass Burning (BB)-Wildfire and Free Troposphere). The arrow
signifies the direction of the aircraft. MFoa = mass fraction of organic aerosol.
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Figure 10. Vertical profile (0.58-3.27 km) during a Studies of Emissions and Atmospheric Composition, Clouds and Climate
Coupling by Regional Surveys flight on 19 August 2013 (15:22-15:29 local time) near Kinsley, Kansas. Values of Dy, gy
ranged from 199 to 228 nm. Three air mass types were sampled (Background, Biomass Burning (BB)-Wildfire, and Free
Troposphere). The arrow signifies the direction of the aircraft. MFoa = mass fraction of organic aerosol.

were initialized with the average aerosol size distribution measured for each air mass type in DC3 and
SEACRS using the ultra-high sensitivity aerosol spectrometer for a path length of 2 km, which is a typical
planetary boundary layer depth in the sampled areas (Wagner et al,, 2015). The sensitivity results are the
same with longer path lengths. Calculations were conducted with and without consideration of an ima-
ginary component of 0.05, and they assume spherical particles. Mie calculations relied on the function
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Figure 11. Sensitivity of aerosol optical depth (AOD) to n values using
average aerosol size distribution for each air mass type shown for a path
length of 2 km, which is representative of the typical planetary boundary
layer depth. Note that free troposphere aerosol would be higher in altitude
but are treated the same for the purposes of the calculations. Two y axes are
used to separate the biomass burning (BB) categories that exhibited much

higher AOD values than other air mass types.

™1
1.60

“Mie_abcd” in MATLAB (Matzler, 2002). The sensitivity of top of the
atmosphere radiative forcing to n perturbations is similar to the sensitiv-
ity of AOD for the small values of AOD considered, as shown in other
works (Redemann, Turco, Liou, Hobbs, et al., 2000; Thorsen & Fu,
2015). For example, Redemann, Turco, Liou, Hobbs, et al. (2000) showed
that a 10% perturbation in AOD resulted in a ~10% error in top of the
atmosphere forcing.

Figure 11 shows an enhancement of AOD as a function of n, with the high-
est overall values for the two BB categories and the lowest values for the FT
and Marine air types. In terms of sensitivity, a perturbation of 0.01 in n
results in a change of AOD ranging from 2.3% to 4.7%, depending on
the aerosol type and the initial n value. The relative magnitudes of the sen-
sitivities between air mass types (i.e., one type being higher or lower than
another type) are preserved when considering a fixed imaginary compo-
nent of 0.05. Perturbations of 0.05 in n result in AOD changes between
12.9% and 23.8% without an imaginary component and between 11.1%
and 18.2% with a 0.05 imaginary component. Finally, the percent change
in AOD (and radiative forcing), without assuming an imaginary compo-
nent, between the minimum and maximum values for each air mass type
is as follows in increasing order: 25.0% (BB-Agricultural), 41.9% (Marine),
55.0% (Urban), 88.2% (FT), 89.8% (BB-Wildfire), 92.6% (Background), and
96.8% (Biogenic). These results motivate improved predictive capabilities
for this complex aerosol property.
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While outside the scope of the current work, it is noteworthy to add that the optical sizing instruments are
highly sensitive to n values used as part of their algorithms. Using the DASH-SP as just one example, Dy, gry
can change by nearly a factor of 2 across the range of n values (1.40 to 1.60) typically used in its retrieval algo-
rithm for a representative OPC pulse height distribution (see also Figure 7 of Shingler, Sorooshian,
et al, 2016).

4, Conclusions

This study reports a characterization of n using airborne data from the surface level up to 12-km altitude for
two field campaigns over North America (DC3 and SEAC*RS). The main results of this study include the
following:

1. The real part of the refractive index (n), at 532 nm, for dry particles ranged from 1.42 to 1.61 during these
campaigns and exhibited mean and median values for the eight defined air mass types between 1.50-
1.53 and 1.50-1.54, respectively.

2. Values of n for the OA fraction (noa) were calculated using a linear mixing rule, with a characteristic value
of 1.52 shown to be suitable for noa when examining the cumulative data set.

3. Case studies showed that n and ngp increased with altitude, simultaneous with MFga enhancements.
Values of noa were positively (negatively) correlated with the O:C (H:C) ratio in the absence of biomass
burning influence.

4. MLR was shown to exhibit decent skill in predicting n based on aerosol chemical data for several case stu-
dies. In contrast, GPR was shown to be most effective at predicting n for the cumulative data set.

5. Asensitivity analysis conducted showed that assumptions of constant n values for a single column or for a
specific air mass types can lead to a significant error. For example, it was shown that the percent change in
AOD (and radiative forcing), without an imaginary component, between the minimum and maximum
values for each air mass type ranged from 25.0% (BB-Agricultural) to 96.8% (Biogenic). Previous studies
have shown that optical sizing instruments are similarly sensitive to n perturbations.

The results of this study motivate future effort to advance knowledge of the n parameter with the goal of
improving its treatment in remote sensing retrievals, modeling, and optical sizing instruments.
Furthermore, this study was limited in examining effective n values that include the influence of shape
and absorbing materials, and future work would benefit from untangling the effects of those factors in char-
acterization of airborne n data.
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