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ABSTRACT

Atmospheric aerosol particles are frequently mixtures of inorganic and organic species, both
of which can contribute to aerosol water uptake and determine the particles’ ability to scat-
ter and absorb light. While water uptake of purely inorganic aerosol is well represented in
current regional and global chemical transport models, it is challenging to represent it for
particles that are mixtures of organic and inorganic species. Here we quantified the growth
factor for aerosols that consist of mixed organic-inorganic particles using an accurate lattice-
based adsorption isotherm model (Ad-iso) as a benchmark. We then determined the error in
the growth factor and resulting optical properties for simplifying assumptions that are com-
monly made in current chemical transport models. The systems studied here are representa-
tive of ambient atmospheric aerosols, consisting of model water-soluble inorganic-organic
mixtures, with and without a core of absorbing black carbon, under conditions of relative
humidity larger than 85%. The assumption of completely neglecting the water uptake by
organic components, for particles with an organic mass fraction of 50%, led to errors of up
to 7% in growth factor and up to 3.5% in single scattering albedo. Larger errors occurred
for larger organic mass fractions. Approximating the organic water uptake with a constant
hygroscopicity parameter, for organic mass fractions between 45 and 65%, the errors
remained within 3% for the growth factor and 0.6% for the single scattering albedo. For
organic mass fractions smaller than 45% or larger than 65%, the errors increased up to 6%
for the single scattering albedo. The magnitudes of these errors underscore the importance
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of considering organic/inorganic mixtures for estimating direct aerosol radiative forcing.

1. Introduction

Aerosol particulate matter, or suspended solid or
liquid particles in a gas, have diverse size distribu-
tions, chemical compositions, and physical properties
that affect their impact on climate (Naik et al. 2013),
air quality (von Schneidemesser et al. 2015) and
human health (Heal, Kumar, and Harrison 2012;
World Health Organization 2013). Fine mode particles
(Aitken mode-less than 100nm and accumulation
mode-between 100nm and 1pm) are majorly com-
posed of sulfate, ammonium, nitrate, dust, sea salt,
organic carbon and black carbon.

The different chemical aerosol components become
more internally mixed with gradual atmospheric proc-
essing during transport in the atmosphere, meaning
that individual particles usually contain mixtures of
organic and inorganic chemical species, including
liquid water (Fuzzi et al. 2015; You, Renbaum-Wolff,

and Bertram 2013; Pye et al. 2018). In these mixed
particles, organic compounds influence the thermo-
dynamic behavior including the water uptake of inor-
ganic salts (Hodas et al. 2015; Estillore et al. 2017;
Jing et al. 2016; Wong et al. 2014), and inorganic-
organic chemical interactions in a particle are influ-
enced by coexisting hygroscopic species (Peng et al.
2016). The resulting change in particle size is import-
ant to consider for the particles’ scattering and
absorption of sunlight (Fierce et al. 2016). This is par-
ticularly relevant when the particles are composed of
black carbon (BC) coated with other inorganic-organic
matter (Adachi and Buseck 2008; Bond, Habib, and
Bergstrom 2006). Studies over the last two decades on
mixed particles containing water-soluble coating
(transparent materials) on BC have revealed that the
absorption of the incoming solar radiation is
enhanced in the visible spectrum (Xue et al. 2009;
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Bond and Bergstrom 2006; Bond, Habib, and
Bergstrom 2006; Zanatta et al. 2018; Wang et al. 2018;
Cappa et al. 2012; Bond et al. 2013; Moosmiiller,
Chakrabarty, and Arnott 2009; Kou 1996; Knox et al.
2009; Fierce et al. 2016). Particles with water-soluble
components (e.g., sulfates and organic carbon) scatter
light depending on the aerosol water uptake at various
relative humidities (RH) (Zieger et al. 2013; L. Zhang
et al. 2015; Jefferson et al. 2017; Titos et al. 2016;
Burgos et al. 2019). It is important to understand the
optical properties of these mixtures to determine cli-
mate impacts at both regional and global scales
(O’Brien et al. 2015; Bond and Bergstrom 2006;
Moise, Flores, and Rudich 2015; Fierce et al. 2020).

To predict the gas-aerosol equilibrium partitioning
in chemical transport models (CTMs), inorganic and
organic compounds are usually treated in separate
modules (Semeniuk and Dastoor 2020) within the
host model. Such thermodynamic modules include
ISORROPIA-II  (Fountoukis and Nenes 2007),
EQUISOLYV 1I (Jacobson, Tabazadeh, and Turco 1996;
Jacobson 1999), EQSAM (Metzger, Dentener, Pandis,
et al. 2002; Metzger, Dentener, Krol, et al. 2002),
SCAPE2 (Kim and Seinfeld 1995; Meng et al. 1995),
and MOSAIC (Zaveri et al. 2008) for inorganic spe-
cies, and MPMPO (Griffin et al. 2003) and SOA treat-
ment in CMAQ v5.2 (Pye et al. 2017) for organic
species. Common assumptions are that water uptake
is only determined by the inorganic compounds, or
the water uptake of organics is estimated by highly
parameterized relationships assuming ideal solutions,
e.g., using the kappa hygroscopicity parameter (Petters
and Kreidenweis 2007). As a result, inaccurate aerosol
water uptake estimations may lead to erroneous repre-
sentations of particle growth which then propagate
into the estimation of optical properties and radiative
forcing. (Pye et al. 2018) studied the extent of water
solubility of organic aerosol and suggested accounting
for non-ideality in the model simulations of organi-
c-inorganic  water-uptake in the Community
Multiscale Air Quality (CMAQV5) regional CTM (Pye
et al. 2017; Appel et al. 2013). They found increased
gas-to-particle partitioning for highly oxygenated
compounds. Recently, a Binary  Activity
Thermodynamics (BAT) model has been developed to
study nonideal water-organic interactions that may
have a large impact on thermodynamic simulations
within CTMs (Gorkowski, Preston, and Zuend 2019).
It could be incorporated into 3-D transport models at
reduced computational costs to evaluate water uptake
and liquid-liquid phase separation.
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The goal of this study is to quantify errors in aero-
sol water uptake and aerosol scattering and absorption
when applying two commonly used simplifying
assumptions about organic/inorganic/water mixtures,
namely (1) assuming that the water uptake is solely
determined by the inorganic compounds in the par-
ticles and (2) assuming that the water uptake by
organic compounds can be parameterized by a con-
stant hygroscopicity parameter, k.

We use a recently developed adsorption isotherm
model (Dutcher et al. 2013; Ohm et al. 2015; Nandy,
Ohm, and Dutcher 2016; Nandy and Dutcher 2017)
(Ad-iso) as a benchmark to calculate the non-reactive
water uptake by fine aerosol particles composed of
binary inorganic salts, ammonium sulfate and sodium
chloride, and ternary  water-soluble inorga-
nic 4 organic compounds (ammonium sulfate/sodium
chloride + glutaric acid/succinic acid/sucrose). The
organic components, dicarboxylic acids, considered
here are relevant as they are found in significant con-
centrations in the atmosphere (Kawamura and
Ikushima 1993; Estillore et al. 2017), and play an
important role in cloud condensation and ice nucle-
ation processes (Rui and Ariya 2008; Yao et al. 2003).
Current activity coefficient-based aerosol modules
used in air quality and climate models are applied to
only electrolyte containing non-dilute solutions with
improved accuracy, failing to include the influence of
mixed organic-inorganic constituents on the water
uptake, whereas the adsorption model is applied to
both electrolyte and organic containing solutions by
deriving solute activities for both species using a sin-
gle parameter statistical thermodynamic treatment.

The manuscript is organized as follows. Section 2
describes the methodology of water uptake calcula-
tions for the benchmark calculations and the two sen-
sitivity cases. Section 3 presents particle growth and
optical properties calculated by each model and dis-
cusses the impact of single scattering albedo variation
on the direct aerosol radiative forcing uncertainty and
sensitivity. Section 4 provides a
conclusions.

summary and

2. Methodology of water uptake calculations

2.1. Adsorption isotherm model for water uptake
(Ad-iso)

The adsorption isotherm model (Nandy, Ohm, and
Dutcher 2016; Nandy and Dutcher 2017), Ad-iso, is
used here to calculate the aerosol water content for
our reference case. Ad-iso was developed based on the
lattice sorption of water molecules to a solute
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Figure 1. (a) Size distribution of an internally mixed aerosol containing ammonium sulfate and glutaric acid for fine dry particles
and wet particles at RH = 95% (D, = particle diameter). The inset spheres represent homogeneous dry and wet particles (not to
scale). Inset: green spheres — organic molecules, orange spheres — inorganic molecules, blue sphere — homogeneously mixed inor-
ganic, organic and water molecules. (b) Calculated hygroscopicity parameter, x for single components glutaric acid, succinic acid
and sucrose. (¢, d) Hygroscopic growth factor of particles containing ammonium sulfate and glutaric acid for dry diameters (c) Dgry
= 30nm and (d) Dgry = 1 um. Note that the contour plots in (c) and (d) only represent monodisperse particles and not the entire
distribution as shown in (a); this is to illustrate an example of water uptake inhibition in smaller particles due to Kelvin effect. All

plots in this figure are produced using Ad-iso model.

(Dutcher et al. 2011, 2012, 2013; Ohm et al. 2015;
Nandy, Ohm, and Dutcher 2016; Nandy and Dutcher
2017). This thermodynamic model for aqueous par-
ticle phase is capable of determining the solute and
water activities and concentrations for binary and
multicomponent systems over the full RH range from
0 to 100%. The Ad-iso model for organic acids
(Nandy, Ohm, and Dutcher 2016) and salts (Nandy
and Dutcher 2017; Ohm et al. 2015) was developed
and validated with available experimental water
activity data from literature (see Figure SI in online
supplementary information [SI]). Figure Sla also com-
pared Ad-iso with UNIFAC (Peng, Chan, and Chan
2001; Fredenslund, Jones, and Prausnitz 1975) and E-
AIM (Wexler and Clegg 2002) showing greater

accuracy over the entire solute concentration range.
The Ad-iso model has been used to study hygrosco-
picity in dicarboxylic acids and amino acids (Marsh
et al. 2017; Cai et al. 2015), pH in weak acids (Craig
et al. 2017; Craig et al. 2018), and effect of viscosity
on water-sucrose-maleic acid (Marshall et al. 2016,
2018) system. In this article, to estimate the mass of
water uptake, a density model (Marshall et al. 2018;
Laliberte and Cooper 2004) is combined because the
Ad-iso model alone calculates the water content on a
molality basis. The density model assumes ideal
behavior in dilute solutions and iteratively calculates
the solution density. This is in contrast to existing
aerosol models, which calculate the mass of water by
approximating the solution volume as the sum of the
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dry solute volume and the solvent volume (here
water), for simplicity. The ideal mixture density
approximation at lower solute mass fractions less than
0.4 has been validated previously (Cai et al. 2016).
Therefore, at RH > 85%, volume weighted average
density calculations are acceptable. We have compared
both methods and found errors to remain within
0.5%. The Ad-iso model is based on statistical
mechanics of multilayer sorption and derives an
expression relating water activity to solute molality as
a function of difference in sorption energies (energy
of bound water to the solute — energy of free water in
the bulk) (Dutcher et al. 2011, 2013). The model
inputs are RH (equivalent to water activity for bulk
solutions at thermodynamic equilibrium) and molar
ratio of solutes present in a particle; and the model
outputs are, therefore, the solution concentration and
thermodynamic activities of each solute. The sub-
modules calculate the solution density and hygrosco-
picities with respect to water activity.

In previous studies, Ad-iso has been applied to par-
ticles larger than 100 nm so that the equilibrium vapor
pressure was not significantly altered by the droplet
surface curvature. Here we extended our analysis to
particles smaller than 100nm diameter where the
Kelvin effect is significant. The x-Kohler theory,
described by Equations (1) and (2), were used to
evaluate the water activity of the particle, ay, as ay is
now not equal to RH/100 but instead related to each
other by

RH n 2V 0 ()
= ay+ ex ,
100% P \RTDye

where v, is the molar volume of water (18 cm’/mol),
R is the universal gas constant, T is the temperature
in K, Dy is the wet particle diameter and o; is the
surface tension of the solution particle with air inter-
face. All diameters in this study are volume equivalent
diameters. We used the surface tension of water, gy,
(72mN/m), at 298.15K for all systems in this article,
rather than the surface tension of the solution g,. We
confirmed with E-AIM (Wexler and Clegg 2002) that
gy in place of oy only leads to negligible errors in
the calculations of wet diameter (less than 1.3%) for
the aqueous binary ammonium sulfate system and
the relative humidity values considered in this article
(RH larger than 85%). Equation (2) follows Petters
and Kreidenweis parameterization (Petters and
Kreidenweis 2007) to define a dimensionless hygro-
scopicity parameter, k, described by

AEROSOL SCIENCE AND TECHNOLOGY 1401

L =14+ kK A4 (2)

vy Vi
where Vj is the volume of the dry particle (£Dgy’),
V is the volume of water in the wet particle and Dgyy
is the dry particle diameter. The wet diameter Dy
and a,, are related to the hygroscopicity of the solute
components, which allows for the iteration of a,, by
using the volume-weighted hygroscopicity parameter,
K (Equation (3) in Section 2.3) as an initial value. An
additional input in the Ad-iso model is now Dy, as
defined in the setup of size distribution below. The
iterated value of a, takes the Kelvin effect into
account, and therefore, x values are re-calculated as a
function of a,, for each single component.

The hygroscopic growth factor, gf = %;‘, used in
this article, is a result of water uptake by the soluble
aerosol particles depending on the chemical compos-
ition, relative humidity and temperature, assuming a
fully internally mixed aerosol. Dry fine particles
(diameter, Dgry less than 2.5um) were considered
with varied water-soluble organic/inorganic composi-
tions. Assuming all components to be fully dissolved
in water, the wet diameter was calculated for relative
humidities (RH) 85% to 99%, and organic dry mass
fractions (f) 0% to 95% to evaluate the impact of
organic/inorganic mixtures on water uptake of par-
ticles. The wet size distributions for several cases of
ammonium sulfate + glutaric acid mixtures estimated
by the Ad-iso model are shown in Figure la, by calcu-
lating the water uptake and hence droplet growth for
the particles of different sizes. As expected, increasing
organic fraction inhibits water uptake (Wong et al
2014). The aerosol population in Figure la follows a
log-normal size distribution (total number concentra-
tion, N =10° m_3, geometric mean diameter, Dg =
0.17 um, geometric standard deviation, o, = 2.4). We
will use this size distribution in the remainder of the
article as a representative example for our calculations,
noting that the results remained qualitatively the same
if the size distribution parameters were changed. The
models used in this study assumed particles to be one
liquid phase homogeneously mixed at 298.15K, to
estimate water uptake with varying relative humidities
and organic mass fractions. We did not consider
liquid-liquid phase separation and organic constitu-
ents that may act as surfactants (McFiggans et al.
2006) in this study. Each dry particle within the popu-
lation was assumed to have the same chemical com-
position, as shown in Figure 1la.

Ad-iso was used as a benchmark in this study
because it considers both inorganic and organic sol-
utes taking up water from the ambient air, as well as
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Figure 2. (a) Comparison of size-resolved hygroscopic growth
factor particles containing ammonium sulfate and glutaric acid
at RH = 95%. Lines: solid — Ad-iso model, dash — x-model,
dot - inorg-only model. Each colored set of lines has a fixed
organic fraction. (b, ¢) Relative error in wet diameter of mono-
disperse particles of dry diameter (Dgy) 90nm containing
ammonium sulfate and glutaric acid; (b) 0% < f < 55%; (c) f
> 55%. Lines: dash - error of x-model, dot — error of inorg-
only model.

a varying x as a function of water activities (Figures
1b and S2). Figures lc and d demonstrate that the
particle growth was sensitive to particle size, e.g., the
growth factor for a 30nm particle showed growth
inhibition compared to a bigger particle of 1 pm. This
was due to the Kelvin effect. Figures 1c and d also
demonstrate that droplet growth increased rapidly at

higher relative humidities, and was inhibited with
increasing organic fraction (Wong et al. 2014). The
simplifying model assumptions that are compared
with the Ad-iso reference case are described next.

2.2. Water uptake by inorganic components only
(“inorg-only” model)

To calculate the water uptake for our case “inorg-
only,” we used the Ad-iso model assuming that only
the inorganic component takes up water from the
ambient air, and the organic component is not hygro-
scopic. To check the Ad-iso calculations, we compared
the water uptake of pure ammonium sulfate with the
results using PartMC-MOSAIC (Particle Monte Carlo;
Model for Simulating Aerosol Interactions and
Chemistry) (Riemer et al. 2009; Zaveri et al. 2008) by
generating several monodisperse particle populations
at different dry diameters consisting of ammonium
sulfate at a prescribed relative humidity, with an
abundance of NH; in the gas phase, and recorded the
associated water uptake. Ad-iso and PartMC-MOSAIC
give the same results, shown in Figure S3.

2.3. Water uptake by inorganic components and
by organic components using k-Kohler theory
(x model)

For the second comparison method “k,” the x-Kohler
theory (Petters and Kreidenweis 2007) was used to
calculate the water uptake using Equation (2), where
RH/100 is the saturation ratio over the solution drop-
let. A fixed hygroscopicity parameter, x, which
depends on the solute, was used to calculate the water
content as in the Equation (2) in Section 2.1. For a
multicomponent system, the x value was calculated by
the mixing rule given by

K=Y 6K (3)

where ¢ is the dry component volume fraction, and i
is the solute component. For calculations in this study,
the hygroscopicity parameters for ammonium sulfate
(AS) and sodium chloride (NaCl) were taken as 0.65
and 1.28, respectively, and for organic compounds as
0.1. The value of 0.1 for organic compounds repre-
sents a comparatively low value (Figure 1b), which
follows x measurements of secondary organic aerosols
(SOA) reported to be 0.1+0.04 in previous studies
(Prenni et al. 2007; Asa-Awuku et al. 2010; Suda et al.
2012, 2014; Engelhart et al. 2008; Kuang et al. 2020).
A kappa value of 0.1 is a typical value chosen for
SOA in simplified models, e.g., in PartMC-MOSAIC.
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Figure 3. Contour plots of relative errors in mean Dy, With (a, b) x-model (¢, d) inorg-only model: (a, ¢) ammonium sulfate 4 glu-

taric acid; (b, d) ammonium sulfate + sucrose.

However, studies report x values ranging from 0.01 to
0.3 depending on functional groups (Suda et al. 2012,
2014) and degree of oxidation (Kuang et al. 2020)
suggesting potentially large uncertainties in water
uptake and therefore aerosol climate forcing if a fixed
value of 0.1 is used. Very recently, C. Zhang et al.
(2021) reported k measurements for Dg,, less than
100nm pure oxalic acid particles to be between 0.1
and 0.3 for RH between 80 and 99.5%.

2.4. Optical properties calculations

Lastly, to estimate the optical properties of the aerosol
population of different chemical systems, Mie theory
was used (Kerker 1969; Mishchenko and Travis 2008).
Mie theory assumes a homogeneous spherical particle,
where the size is the same order of the wavelength of
light, to provide an analytical solution to Maxwell’s
equations based on aerosol composition, refractive
index (volume mean of the refractive index of all
components) and size distribution. The Mie theory is
based on the interaction of an electromagnetic wave

with a sphere. The BHMIE (homogeneous sphere)
and BHCOAT (coated sphere) codes (Bohren and
Huffman 1983) are used in MATLAB to calculate the
scattering and absorption cross-sections for each par-
ticle, and the scattering and absorption coefficients
and single scattering albedos for the whole particle
distribution at wavelength, 4 =550 nm.

3. Sensitivity of water uptake to model
assumptions and resulting errors in aerosol
optical properties

Section 3.1 compares particle growth of organic/inor-
ganic mixtures calculated using the Ad-iso model with
the two simplified models mentioned in Sections 2.2
and 2.3, “inorg-only” and “k,” respectively. We pre-
sent the results as a function of water-soluble organic
mass fraction f, relative humidity RH, and particle dry
diameter Dgry. In Section 3.2, we present how these
errors propagate into the calculation of the aerosols’
light scattering abilities. Section 3.3 includes calcula-
tions of light absorbing abilities for the case of black
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glutaric acid) with (a) xk-model and (b) inorg-only model.

carbon being present in the particle core. Note that f
represents only the organic fraction that is water-sol-
uble and does not include the black carbon for
which k=0.

3.1. Particle growth in organic/inorganic mixtures

Figure 2a shows the hygroscopic growth factor, gf, as
a function of dry particle size for the mixed particles
(Ad-iso model in solid lines, x-model in dashed lines,
inorg-only model in dotted lines). Consistent with
Figures 1c and d, the growth factor not only depended
on the organic fraction, f, but also on the dry particle
size, especially for dry diameters smaller than 300 nm
due to the Kelvin effect. Since the x-model used a
fixed average value for the hygroscopicity parameter,
it sometimes overpredicted [f=5, 35, 55%] and other
times underpredicted [f=95%] droplet growth
depending on the mass fraction of organic species. In
contrast, the inorg-only model underpredicted droplet

growth in mixed particles, as it calculated the water
uptake only by the inorganic components.

Figures 2b and c evaluate the relative error in drop-
let size as a function of relative humidity for particles
with 90 nm dry diameter. We present the results sepa-
rated by organic mass fraction range, with lower mass
fractions (f=0-55%) in Figure 2b, and higher mass
fractions (f=65-95%) in Figure 2c. The relative error
was calculated by W, where Dy is the wet
diameter calculated with the simplified models (x or
inorg-only) and Dyg_iso is the wet diameter calculated
with the reference model Ad-iso.

For the ammonium sulfate (AS) + glutaric acid
(GA) system using the x-model (dashed lines), the
error varied from +15% to —10% as f increased from
0 to 95%. For lower organic fractions, the x-model
overpredicted droplet size, and for larger organic mass
fractions, it underpredicted, with the lowest error
occurring at approximately f=65%. The magnitude of
these errors depended on the exact value of the fixed
hygroscopicity parameter used in all the systems in
this study for the x-model. This informs us that a
constant k for each component may not be desirable
for growth estimations in organic-inorganic mixed
particles, depending on how accurately the growth
needs to be determined. For the inorg-only case,
droplet size was always underpredicted as expected,
and the magnitude error increased from 0% to ~
—55% as f increased from 0 to 95%.

Figure 3 shows contour plots for the relative errors
in the geometric mean diameter of the wet size distri-
bution (as shown in Figure 1a) over the RH range of
85 to 99% and the organic fraction range of 0 to 95%
for the ternary systems AS+ GA and AS+ sucrose.
The corresponding contour plots for the aerosol sys-
tems AS+ SA and NaCl + sucrose are reported in the
SI (Figure S4). Although the trends in the relative
errors for the system AS-+GA (Figures 3a and b)
were comparable with the system AS-+SA (Figures
S2a and b), the contour plots for the other two sys-
tems containing sucrose exhibited very different pat-
terns, specifically with the x-model. This is due to the
variation of k with a, for sucrose having an almost
linear dependence compared to a U-shaped depend-
ence for the other four compounds (Figure S2 - inor-
ganics and Figure 1b - organics; the U-shaped trends
agree with (Petters and Kreidenweis 2007) parameter-
ization. Table S1 in the SI reports the mean wet diam-
eters after water uptake with varying organic fractions
and relative humidities. The table also compares mean
diameters calculated from all the three models in
this study.



(a)
20 . . .
——D

----Dy.=80mm

s for const Dy = 80 nm

15} s

dN/d(logDp), (arb.u.)
=

05

0.0
0.001 0.01 0.1 1 10

Dry diameter (Dy,,), BC diameter (Dgc), um

(b)

2.5 T T T
—de for const Dy = 200 nm
====Dgc=200nm
. 20F .
3
2
< 45t -
a
Q
S
= 10 E
2
=2
© ]
0.5F - 4
]
|
]
0.0 1 1 ! 1
0.001 0.01 0.1 1 10

Dry diameter (Dy,), BC diameter (Dgc), um

Figure 5. Dry size distribution of water-soluble internally
mixed particles containing black carbon core (a) Dgc = 80nm
(b) Dgc = 200nm. Inset: green spheres — organic molecules,
orange spheres — inorganic molecules, black sphere — aggre-
gates of black carbon assumed as a sphere in the core.

3.2. Optical properties of the aerosol population
containing non-absorbing organic/
inorganic mixtures

We will next quantify the error in aerosol scattering
that follows from errors in water uptake predictions.
For water-soluble species of different compositions, the
size distributions of particles at different relative
humidities are required, which have been computed in
Section 3.1. The refractive indices of the species in this
study and water were volume-averaged with respect to
the compositions. The single-component real refractive
indices at wavelength, A=550nm were taken from
(Wang and Rood 2008) (AS: 1.53, GA: 1.42, SA: 145,
water: 1.33). The imaginary refractive indices for the
water-soluble aerosol species were assumed zero as they
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are typically less than 0.01 (Moise, Flores, and Rudich
2015; Laskin, Laskin, and Nizkorodov 2015). The
refractive index used for NaCl is 1.55-0i (Pinnick and
Auvermann 1979), and for sucrose is 1.5-0i (Hess,
Koepke, and Schult 1998). The aerosol optical proper-
ties were then computed using Mie theory assuming
spherical and homogeneous particles.

The light scattering efficiencies (Qg, dimension-
less) were calculated using the code “BHMIE”
(Bohren and Huffman 1983), having inputs — wave-
length of incoming light, refractive index of each par-
ticle, and size of the particle. The scattering cross-
sections (0gq = (1/4) Quea Dywer”) were then calculated
for each particle to determine the volume scattering
coefficient, f.,, by summing oy, over all particles per
unit volume of air for the entire aerosol population.

Figure 4 shows the contour plots of the relative errors in
volume scattering coefficient with both the simplified mod-
els calculated in the same way as particle size errors in the
previous section. The contours have similar patterns as in
Figure 3, with the scattering coefficient errors ranging from
around +25% to —30% for the x-model, and from 0% to
—85% for the inorg-only model for the AS+ GA system.
The range of errors for the other three systems were of
similar magnitude. The large errors imply that the scatter-
ing and hence the cooling effect of aerosols is sensitive to
the differences in water uptake, and that the cooling deter-
mined by particles with high organic fractions may be
highly underpredicted by the inorg-only model.

The absolute scattering coefficients calculated using
Ad-iso for AS+ GA system of particles are shown in
Figure S5 (dash-dot line). The backscattering coeffi-
cients with respect to RH are also shown in Figure S5
(solid line) for f=0, 55 and 95%. The symbols in Figure
S5 represent the percentage of the scattered light that is
scattered back to space (values on the right axis). The
percentage backscatter is mostly between 30 and 40%,
having no particular trend with f or RH.

3.3. Optical properties of the aerosol population
containing absorbing black carbon cores and
non-absorbing mixed organic/
inorganic coatings

So far, the particle growth studies presented here were
limited to non-absorbing aerosol species. For studying
the absorption properties, we considered black carbon
in the core of the particles with dry size distribution as
shown in Figure 5. To investigate the effect of hydro-
phobic core size on light absorption, the core sizes
(Dgc) studied were 80 nm and 200 nm (Bond, Habib,
and Bergstrom 2006; Bond et al. 2013; Fierce et al.
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Figure 6. Contour plots (ammonium sulfate 4 glutaric acid) for relative errors in absorption enhancement of BC containing aerosol
distribution with (a, b) the k-model — Dgc = 80 nm, 200 nm and (c, d) the inorg-only model — Dgc = 80 nm, 200 nm.

2020; Schwarz et al. 2006). For each aerosol distribu-
tion, the core size was fixed. Only the coating thickness
varied and increased further with water uptake.

The code “BHCOAT” (Bohren and Huffman 1983)
was used to calculate the scattering and absorption
properties for particles assuming a concentric-sphere
morphology (core-shell) of the BC core (light absorb-
ing material) and internally mixed water-soluble spe-
cies coating/shell (non-absorbing material). The
refractive index used for black carbon in the calcula-
tions was 1.95-0.79i (Bond and Bergstrom 2006) at
wavelength, A=550nm. The lensing effect caused
light absorption of BC to be enhanced by the non-
absorbing coating, given by Equation (4).

Absorption enhancement
absorption cross section of the whole droplet
absorption cross section of the bare BC
4)
A normalized absorption cross-section to the mass of
the black carbon (MACgc) was defined by Bond and

coworkers (Bond and Bergstrom 2006; Bond, Habib,
and Bergstrom 2006; Bond et al. 2013) as

absorption cross section of BC containing particles(m?)

MACgc =
Be mass concentration of the BC core (g)

(5)

For the aerosol distribution in this study, the
MACpc calculated using the Ad-iso model varied
between 5.9 and 11.5m?/g for core diameters between
80nm and 200 nm, which is in the range of reported
MACsgc in the literature (Bond and Bergstrom 2006;
Koch et al. 2009; Schuster et al. 2005).

Errors in calculated water uptake influenced the
calculated absorption enhancement through two dis-
tinct effects that tended to compensate each other. An
underestimation of water uptake resulted in an under-
estimated coating thickness which, on the one hand,
reduced the lensing effect. On the other hand, the vol-
ume-averaged refractive index of this coating was
overestimated. The overall outcome of light absorp-
tion enhancement errors caused by errors in water
uptake calculations is shown in Figure 6. Although
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Figure 7. Contour plots (ammonium sulfate + glutaric acid) for relative errors in single scattering albedo of BC containing aerosol
distribution with (a, b) k-model — Dgc = 80nm, 200 nm and (c, d) inorg-only model — Dgc = 80 nm, 200 nm.

the error patterns were similar to the ones for the
water uptake and scattering, the magnitude of errors
were lower due to the two compensating effects (dem-
onstrated in Figures S6 and S7). The absorption
enhancement errors ranged from ~+2% to ~-3% for
the x-model, and from ~0% to ~-13% for the inorg-
only model for the AS+GA system. The range of
errors for the other three systems were approximately
the same.

Contour plot of errors in single scattering albedo
(), the ratio of scattering cross section and extinction
cross section, of both the models are shown in Figure 7.
The absolute values (calculated by Ad-iso model) con-
tour plots of w are reported in Figure S8. It is important
to note that « was between 0.983 and 0.998 for par-
ticles with an 80 nm BC core, and as low as 0.57 with a
200nm BC core. The w values estimated by the simpli-
fied models were comparable resulting in low errors
(up to 2.5%) for the smaller core as shown in Figures 7a
and c. However, the errors for particles with a 200 nm
core were higher (up to 35%) as shown in Figures 7b

and d, which is explained in more detail in the SI
(Figure S9).

3.4. Direct aerosol radiative forcing: Uncertainty
and sensitivity

In this section, the effect of single scattering albedo
error on direct aerosol radiative forcing (DARF)
uncertainty is discussed. DARF is highly sensitive to
errors in single scattering albedo and the sensitivity
increases for lower values of @ (McComiskey et al.
2008; Loeb and Su 2010; Thorsen et al. 2020).
McComiskey et al. (2008) suggested that DARF accur-
acy can be increased by a small decrease in the w
uncertainty because the sensitivity of DARF to o,
So = g—i was found to be most significant com-
pared to other parameters such as aerosol optical
depth, asymmetry parameter and surface albedo. They
reported S, to be ~—10 W/m® for @ = 0.97 and —30
to —70 W/m? for @ = 0.95, which is in line with
other studies (Thorsen et al. 2020; Loeb and Su 2010).
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Figure 8. Contour plot in the real atmosphere on a global scale for the year 2011 showing spatial variability where high values of
RH coincide with high values of f (90% < RH < 100% and f> 60%). The data is from the Community Earth System Model (CESM
version 2.1.0) component Community Atmospheric Model (CAM6) (Bogenschutz et al. 2018) simulation resolved for one year every

3hona 09 latitude x 1.25 longitude grid (Zheng et al. 2021).

In this article, we report an underestimation of ®
by the simplified models by 5% or more for w
between 0.57 and 0.91, and by up to 2% for w higher
than 0.98, both at high organic fractions and high
relative humidities. For the current study, if we select
the 80 nm BC core size with our defined size distribu-
tion, the highest DARF uncertainty near the surface

would be 0.2 W/m? given a S, = —10 W/m? sensitiv-
ity. And if we select the 200nm core, the sensitivity
could be much higher, eg, S, = —50W/m?> and

therefore, the DARF uncertainty for a Aw of —5%
with a baseline w of 0.75 would result in an error of
radiative forcing on the order of 1.75 W/m”.

Figure 8 quantifies where conditions occur when
high values of f coincide with high values of RH
thereby leading to largest errors in DARF. We used 3-
h global modeling outputs from the CESM
(Community Earth System Model) for the year 2011.
The outputs were from a typical historical simulation
of the Community Atmospheric Model (CAMS6),
which uses the 4-mode version of Modal Aerosol
Module (MAM4) (Liu et al. 2016). MAM4 predicts
the six aerosol species (BC, dust, sea salt, primary
organic matter (POM), secondary organic aerosol
(SOA), and sulfate) across four lognormal modes
(Aitken, accumulation, coarse, and primary carbon

modes). Maps of the six aerosol species concentrations
are shown in Figure S10 of the SI. We counted the
relative frequency of occurrence when f was larger
than 60% and at the same time RH was between 90%
and 100%. For example, a value of 0.5 on the map in
Figure 8 means that this criterion was fulfilled for
50% of the output timesteps. The map shows that the
highest frequencies occurred over the Amazon region,
central Africa, and Indonesia. For the continental US,
a frequency of up to 20% was indicated that could
result in high DARF errors. For reference, in the areas
where f exceeded 60% and RH was between 90% and
100% for at least 25% of the output timesteps, the
average mass mixing ratios of SOA and POM were
7.1 ng/kg (SOA) and 2.7 pg/kg (POM), respectively.

4, Summary and conclusions

This study investigated the water uptake of mixed
organic/inorganic aerosols and quantified the error in
growth factor and optical properties that was incurred
by simplifying assumptions commonly made in cur-
rent chemical transport models. In particular, we
explored the errors when (1) assuming that organic
species did not contribute to water uptake at all, and
(2) when the water uptake of organic/inorganic



mixtures was represented by constant hygroscopicity
parameters for each constituent. We used the accurate
lattice-based adsorption isotherm model (Ad-iso) as a
benchmark for calculating water uptake of mixtures
containing ammonium sulfate or sodium chloride as
inorganic species, and glutaric acid, succinic acid or
sucrose as organic species, with and without a core of
absorbing black carbon, under conditions of relative
humidity larger than 85%. We did not consider feed-
back effects on gas-particle partitioning which may be
important (Pye et al. 2017). We limited this investiga-
tion to high RH conditions because we used the sur-
face tension of water instead of the solution mixture
in the Kdhler equation.

For particles with an organic mass fraction of 50%,
completely neglecting the water uptake by organic
components led to errors up to 77% in growth factor,
up to 23% in volume scattering coefficient, up to 2.5%
in absorption enhancement and up to 3.5% in single
scattering albedo. Larger errors occurred for increas-
ing organic mass fractions and were up to 35% for
single scattering albedo for an organic mass fraction
of 95%.

Approximating the organic water uptake with a
constant hygroscopicity parameter x (here x was set
to 0.1), the errors were smallest for organic mass frac-
tions between 45 and 65%, and remained within 3%
for the growth factor, 4% for the volume scattering
coefficient, 0.5% for the absorption enhancement and
0.6% for the single scattering albedo. For organic
mass fractions smaller than 45% or larger than 65%,
the errors increased to 6% for the single scatter-
ing albedo.

Single scattering albedo is of particular importance
for calculating the direct aerosol radiative forcing
(McComiskey et al. 2008; Loeb and Su 2010), and the
sensitivity of radiative forcing depends on the value of
. Errors in @ of a few percent matter for predicting
DARF. Completely neglecting aerosol water uptake by
organics introduced errors of a magnitude that is rele-
vant for direct aerosol forcing calculations.
Approximating aerosol water uptake by organics by a
constant x value led to lower errors, which may be
acceptable for the range of organic mass fractions
between 45 and 65%. For organic mass fractions out-
side this range, the errors are still large enough to
matter for DARF calculations. To estimate to what
extent different regions are prone to experiencing
these errors, we used output from CESM and con-
structed a frequency distribution of occurrences when
fis larger than 60% and at the same time RH is larger
than 90%. These conditions are fulfilled for a
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frequency of up to 50% over the Amazon region, cen-
tral Africa, and Indonesia, and up to 20% over the
continental US.

Code availability

The code is available on github - https://github.com/lucy-
nandy/AerosolWaterUptake

The main code calls an optimization function to calcu-
late the water activity and another to calculate the molality
of the solution mixture. The second part of the code calls
the BHMIE and BHCOAT functions. For 10000 computa-
tional particles in a distribution, at a particular relative
humidity and organic fraction, the entire code run takes
approximately 900 s on a Intel Core i7 processor.
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