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Abstract. Assessing aerosol mixing states, which primarily depend on aerosol chemical compositions, is indispensable to
estimate aerosol direct and indirect effects. The limitations in the direct measurements of aerosol chemical composition and
mixing states necessitate modeling approaches to infer the aerosol mixing states. The Optical Properties of Aerosols and Clouds
(OPAC) model has been extensively utilized to construct optically equivalent aerosol chemical compositions from measured
aerosol optical properties using Mie inversion. However, the representation of real atmospheric aerosol mixing scenarios in
OPAC has perennially been challenged by the exclusive assumption of external mixing. A Python successor to the aerosol
module of the OPAC model is developed, named 'AeroMix," with novel capabilities to 1) model externally and core-shell
mixed aerosols, 2) simulate optical properties of aerosol mixtures constituted by any number of aerosol components, and 3)
define aerosol composition and relative humidity in up to six vertical layers. Designed as a versatile open-source aerosol optical
model framework, AeroMix is tailored for sophisticated inversion algorithms aimed at modeling aerosol mixing states and
also their physical and chemical properties. AeroMix's performance is demonstrated by modeling the probable aerosol mixing
states over Kanpur (urban), and the Bay of Bengal (marine) in South Asia. The modeled mixing states are consistent with
independent measurements using single-particle soot photometer (SP2) and transmission electron microscopy (TEM),
substantiating the potential capability of AeroMix to model complex aerosol mixing scenarios involving multiple internally
mixed components in diverse environments. This work contributes a valuable tool for modeling aerosol mixing states to assess

their impact on cloud nucleating properties and radiation budget.

1. Introduction

Various sources of aerosol particles and their multi-scale dynamic nature in the atmosphere constitute a complex mixture of
externally and internally mixed aerosol components, which are highly variable spatially and temporally (Ching et al., 2019;

Riemer et al., 2019). Knowledge of the size-resolved aerosol chemical composition, size distribution, and mixing state is
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required to predict cloud condensation nuclei (CCN) concentrations for freshly emitted and aged aerosols (McFiggans et al.,
2006; Ervens et al., 2010; Farmer et al., 2015). Thus, the impact of aerosol mixing state and chemical composition on the
activation of CCN needs to be determined and understood to the extent that this is importantly represented in global climate
models (Ghan and Schwartz, 2007). However, in situ measurements of aerosol chemical compositions and mixing states are
sparse due to the complexities associated with the measurement techniques (Riemer et al., 2019). The standard aerosol model
outlined in Optical Properties of Aerosols and Clouds (OPAC) (Hess et al., 1998; Koepke et al., 2015) has been widely adopted
to estimate the probable aerosol mixing state from the measured aerosol optical properties through Mie inversion. However,
this is not the optimal approach to assess the aerosol composition and mixing state for a specific location, but this is the viable
and practical option when direct measurements of aerosol chemical composition are unavailable.
The OPAC model has significantly contributed to aerosol research by providing reliable simulations of the optical properties
of different aerosol mixtures necessary to estimate their radiative effects. It can model user-defined aerosol mixtures by mixing
up to seven aerosol components. Despite the experimental evidence that the aerosol mixing state lies between a purely
externally mixed state and a purely internally mixed state (Healy et al., 2014; Li et al., 2016; Ye et al., 2018; Riemer et al.,
2019), the standard FORTRAN-based OPAC model considers the external mixing of aerosols alone and cannot treat complex
aerosol internal mixing states. Most current climate models also assume entirely externally or internally mixed aerosols,
resulting in an error in modeled optical, hygroscopic, CCN, and cloud properties (Stevens and Dastoor, 2019). Additionally,
restricting the number of components constituting an aerosol mixture further limits the modeling of complex aerosol mixtures
using OPAC.
Several attempts have been made to incorporate internal mixing in OPAC by modifying the predefined components with the
optical properties of internally mixed aerosols (Chandra et al., 2004; Dey et al., 2008; Ramachandran and Srivastava, 2016;
Srivastava et al., 2016, Srivastava et al., 2018). In these studies, the mixing state of aerosols using the OPAC model was
modeled by iteratively comparing modeled optical parameters such as aerosol optical depth (AOD), single scattering albedo
(SSA), and asymmetry parameter (g) with measured ones for different mixing scenarios until their values converge within the
observational error. Transmission electron microscopy (TEM) observations have shown the presence of multiple combinations
of internally mixed aerosol components in a mixture (Li et al., 2016). However, the limitation in the number of aerosol
components permissible to constitute an aerosol mixture in OPAC constrained the number of internally mixed components
considered for each case in the above-referred studies. This limitation thus restricts the number of possible combinations of
aerosol components to determine the probable mixing states.
In an effort to address this challenge, a Python-based package named 'AeroMix' for modeling aerosol optical properties and
mixing states is developed. AeroMix enables the modeling of optical properties of complex aerosol mixtures consisting of any
number of components in externally mixed and/or core-shell mixed states in up to six vertical layers. Furthermore, other
internal mixing states can also be represented using appropriate mixing rules (Bohren and Huffman, 1998; Stevens and Dastoor,
2019). The scalability of the number of components in a mixture, the ability to model core-shell mixed aerosols, and the scope
of integration with other programs make AeroMix a versatile open-source tool for inversion algorithms aimed at modeling the
2
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properties of aerosol mixtures, including aerosol chemical composition, and mixing states. For this purpose, AeroMix
performance is demonstrated by determining the chemical composition and probable mixing states of aerosols from the
measured aerosol optical properties using the Mie inversion technique over Kanpur, a representative urban location in the
Indo-Gangetic Plains (IGP), and a marine environment of the Bay of Bengal (BoB) in South Asia. We initially present an
overview of AeroMix in Sect. 2, followed by detailed methodology including the model setup and a comparison with the
OPAC model in Sect. 3. The AeroMix modeled probable aerosol mixing states over Kanpur and BoB, along with a comparison
of the results against independent measurements conducted by single-particle soot photometer (SP2) and TEM, is presented in
Sect. 4.

2. Model overview

AeroMix is an open-source Python package developed to model the optical properties of aerosol mixtures, including AOD,
SSA, asymmetry parameter, extinction coefficient (Bex), scattering coefficient (Bsca), and absorption coefficient (fans) at sixty-
one wavelengths ranging from 0.25 to 40 um and eight relative humidity (RH) values, following Hess et al. (1998). The
workflow of AeroMix for modeling the aerosol properties and assessing the probable mixing states is illustrated in Fig. 1. A

methodology for modeling the probable aerosol mixing state using AeroMix is detailed in the following section.
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2.1. Mixing of aerosol components

Aerosol mixtures in AeroMix can be defined in terms of the number or mass concentration of the constituent aerosol
components in external (composed of single chemical species) and/or internal (composed of multiple chemical species as core-
shell structure) mixed states, along with their vertical distribution and the vertical profile of RH. Optical properties of the
complex aerosol mixing states are modeled by accounting for any number of both externally mixed particles and internally

mixed particles, with no presumed chemical or physical interaction among the particles within the mixture (see Fig. 1).

2.1.1. Externally mixed aerosol components

Nine predefined externally mixed aerosol components in AeroMix include water-insoluble (IS), water-soluble (WS), black
carbon (BC), accumulation and coarse modes of sea-salt (SSam and SScm), nucleation, accumulation and coarse modes of
mineral dust (MDnm, MDam, and MDcm) and stratospheric sulfate (SU). These components are represented in terms of their
lognormal size distribution parameters (geometric standard deviation (o), mode radius (rm) and the upper and lower limits of
radius, rmin and rmax), specific density (p), spectral refractive indices (m) and optical properties averaged for one particle (Bex
(), Psca (1), Pabs (1), SSA (L) and g (2)) at sixty-one wavelengths from 0.25 to 40 pm and eight RH values, adopted from the
Global Aerosol Data Set and OPAC database (Koepke et al., 1997; Hess et al., 1998; Koepke et al., 2015). A brief overview
of the parameters used to describe the predefined aerosol components at dry state (RH = 0%) is given in Table 1. Detailed
descriptions of the aerosol components, along with their size distribution parameters and spectral refractive indices, can be
found elsewhere (Koepke et al., 1997; Hess et al., 1998; Koepke et al., 2015). The density of BC is set at 1.8 g cmbased on
observations, which differs from the value of 1.0 g cm=given in OPAC (Bond et al., 2013; Kondo, 2015). The optical
properties of each component, except for MDnm, MDam, and MDcm components, are calculated using the Mie theory (Mie,
1908). This calculation assumes that the particles are spherical in shape and follow a lognormal size distribution. The calculated
optical properties are normalized to one particle cm and stored, which can then be scaled to any given number concentration.
MDnm, MDam, and MDcm components are modeled using the T-Matrix Method (TMM) (Waterman, 1971; Mishchenko et
al., 1999) to account for their non-sphericity (Koepke et al., 2015). In addition to the nine predefined aerosol components,
AeroMix offers the flexibility to model any number of user-defined components. A new externally mixed aerosol component

can be defined in AeroMix by its size distribution parameters, specific density, and spectral refractive indices described above.



Table 1: Size distribution parameters, specific densities, and refractive indices of predefined aerosol components at dry state (RH =

0%).
. Geometric . . o
o . Mode radius specific density = Refractive index
Aerosol component Constituting species standard
(Hm) L (g cm?) at0.5 um
deviation
Soil dust, fly ash, and non-
Insoluble (IS) hygroscopic organic 0.471 2.51 2.0 1.53 +8 x 1073
matter.
S02~,NO3, NH; and
Water-soluble (WS) hygroscopic fraction of 0.0212 2.24 1.8 153 +5x 103
organic matter.
Black carbon (BC) Black carbon aerosols 0.0118 2 1.8 1.75 + 4.5 x 101
Sea-salt accumulation
0.209 2.03
mode (SSam) .
Sea salt aerosols 2.2 1.5+ 1.55 x 108
Sea-salt coarse mode
1.75 2.03
(SSam)
Mineral dust
nucleation mode 0.007 1.95
(MDnm)
Mineral dust )
) Desert dust 2.6 1.53 +7.8 x 10°%
accumulation mode 0.39 2
(MDam)
Mineral dust coarse
1.9 2.15
mode (MDcm)
Stratospheric sulfate = Sulfate aerosols from ]
0.0695 2.03 1.7 1.431 +1 x 108

(SV) volcanic eruption.
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The OPAC aerosol database is comprehensive, reliable, based on extensive observations, and widely employed in radiative
transfer modeling, global climate modeling, and mixing state studies (Shettle et al., 1979; Deepak and Gerber, 1983; Koepke
et al., 1997; Srivastava et al., 2016). Studies examining the sensitivity of refractive indices report negligible influences on
modeled fex (Ramachandran and Jayaraman, 2002; Srivastava et al., 2016). Further, Srivastava et al. (2016) investigated the
sensitivity of BC mode radius on SSA and fex for BC and sulfate in different mixing states, revealing differences of only up
to 1.3%. Hence, the AeroMix modeled optical properties using the OPAC database are anticipated to be minimally affected
by uncertainties in refractive indices and size distribution parameters. Along with the default database, AeroMix allows users
to employ various datasets that characterize aerosols using the parameters described above. This flexibility not only enables
users to choose datasets based on their preferences but also enhances AeroMix capability by incorporating more comprehensive

datasets that consider the complex characteristics of aerosol particles, including morphology.

2.1.2. Internally mixed aerosol components

Core-shell mixed aerosol components can be defined in AeroMix by specifying the core and shell components with their core-
to-shell radius ratio (CSR) or mass fractions of the species in a core-shell mixed particle. Optical properties of the core-shell
mixed aerosol components are modeled by using PyMieScatt (Sumlin et al., 2018), a coated-sphere Python Mie calculation
program based on the BHCOAT program (Bohren and Huffman, 1998). PyMieScatt takes the spectral refractive indices of the
core and shell components, and the radius of the core (rc) and shell (rs) as input parameters to model the optical properties of
the core-shell mixed components.

The r; for each particle is equivalent to the radius of the core-shell mixed particle and is assumed to follow the size distribution
of the shell component (Srivastava et al., 2016), which is also supported by observations (Arimoto et al., 2006). The r. of each
particle is calculated according to the CSR, expressed as the ratio of the r¢ to the rs, and is given by,

)(-1/3)

CSR =" = (1 4 2Lc

rs Mcps ! (1)
M. and M; are the mass contributions of core and shell components to the mixing, and p. and ps are the specific mass densities
of core and shell components, respectively (Srivastava et al., 2016; Chandra et al., 2004). CSR can be specified in AeroMix
either directly or in terms of the mass contribution of the core and shell components. The mass of the core-shell mixed
components is calculated from their size distribution parameters and effective mass density (per). The perr Of the core-shell

mixed particle can be defined as,

Mc+Mg
peff = v ’ ( 2)

where V is the volume of the core-shell mixed particle. Since M, Ms, and V vary along the particle size distribution as a
function of rcand rs, perr Needs to be defined in terms of parameters that remain fixed across the size distribution for modeling

simplicity. For this, M¢ and Ms can be written as,

4 4
M, = ,chnrc3 and Mg = Psgﬂ(rf —13). (3)
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Since, CSR = ¢,

Ts
Pesr = PcCSR® + ps(1 — CSR?). (4)
Equation (4) contains only the terms of the specific density (p) of core and shell components and CSR value, which remain

the same across the size distribution.

2.2. Vertical profiles of aerosols and relative humidity

For total column AOD calculation, up to six vertically arranged layers can be defined to specify the vertical distribution of
aerosols. Unlike OPAC, in AeroMix, aerosol concentrations at the layer base, aerosol profile type, and layer mean RH can be
defined separately for mixed layer, free troposphere, stratosphere, and elevated aerosol layers. In contrast, OPAC uses constant
background extinction coefficient values and RH for the free troposphere and stratosphere. The vertical profile of aerosol
concentration in each layer can be modeled as homogenous or as an exponential function given by,

N(h) = N(O)exp(~/y), (5)
where N(0) is the number concentration of aerosol at the layer bottom, h is the height from the layer bottom, and z is the scale
height representing the change in aerosol concentration with height (Hess et al., 1998). Standard exponential profiles for
different aerosol types provided by Hess et al. (1998) can be utilized for locations lacking aerosol vertical profile
measurements. Alternatively, it can be modeled using a cubic function (Eg. (6)) when aerosol vertical profile measurements
are available.

N(h) = N(0)(ah® + bh* + ch + d), (6)
where a, b, ¢, and d are the coefficients when N(0) = 1 (Russo et al., 2006). The default values of aerosol concentration, RH,
and profile type for the free troposphere, stratosphere, and elevated mineral dust layer are adopted from Hess et al. (1998). The

total column AOD is calculated by,

hmax,

6
Total AOD = Zﬁmn f N, (R)dh
n=1

Roming
(7

where h,,;, and h,,,, are the layer bottom and layer top height for each layer n.

The AeroMix package and detailed documentation are available online at www.github.com/sampr7/AeroMix (P Raj and Sinha,

2024a).

3. Modeling aerosol mixing state with AeroMix

The primary objective of AeroMix is to provide an open-source aerosol optical model framework tailored to support inversion

algorithms for modeling both aerosol mixing states and their physical and chemical characteristics. The probable aerosol
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mixing states are modeled with AeroMix using the Mie inversion technique by iteratively comparing the multispectral
measurements of aerosol optical properties with modeled ones for different mixing scenarios until they converge within the
observational error (Fig. 1) (Chandra et al., 2004; Dey et al., 2008; Kaskaoutis et al., 2011; Ramachandran and Srivastava,
2016; Srivastava et al., 2016, Srivastava et al., 2018).

3.1. Comparison of AeroMix with OPAC

Initially, the AeroMix modeled aerosol properties were compared with OPAC for ten externally mixed cases given in OPAC,
namely continental clean, continental average, continental polluted, urban, desert, maritime clean, maritime polluted, maritime
tropical, Arctic, and Antarctic. The AeroMix computed aerosol mass concentrations (Ma) of all ten cases, as well as AOD,
SSA, and asymmetry parameters, showed excellent agreement (r = 0.99, slope = ~ 1) with OPAC-derived ones (Figs. Al and
A2 in Appendix A).

3.2. Model setup
3.2.1. Study region and data

AeroMix performance was further assessed by determining the probable aerosol mixing states over two contrasting
environments: Kanpur, India (26.513° N, 80.232° E, 123 m AMSL,; urban) and the Bay of Bengal (11.99°- 20.61°N, 80.52°-
92.55° E; BoB; marine) representing diverse aerosol mixtures. Past endeavors to deduce intricate aerosol mixing states through
Mie model inversion were hindered by the OPAC model's constraints on the number of plausible mixing state cases. The
efficacy of this method relies on the accuracy of input parameters, encompassing AOD, SSA, aerosol vertical profile, RH,
refractive index, size distribution, and mixing state assumptions. Therefore, collocated and concurrent measurements of
quality-controlled spectral AODs, spectral SSAs, spectral asymmetry parameter, vertical profile of aerosols, aerosol chemical
composition, mixed layer height (MLH), and RH were used for the first time over Kanpur and the BoB; in South Asia to model
the probable mixing states of aerosols using AeroMix. These measurements were taken from January 2007 to December 2009
at Kanpur and during the Winter-Integrated Campaign for Aerosols, gases and Radiation Budget (W-ICARB) conducted from
December 2008 to January 2009 over the BoB (Moorthy et al., 2010). The seasonal mean MLH and fSex profiles at 532 nm
obtained from NASA Micro-Pulse Lidar Network (MPLNET) collected over Kanpur during the period May 2009 — November
2015 are utilized in this study. Bex profiles at 532 nm over the western-BoB (W-BoB) and northern-BoB (N-BoB) are obtained
from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP). A summary of various aerosol and meteorological datasets
used in the present study is provided in Table 2. A detailed description of the datasets utilized in this study can be found in the
reference therein and presented in Appendix B. The locations of Kanpur, W-BoB, N-BoB, and the W-ICARB cruise track,

along with seasonal average surface wind directions, are presented in Fig. 2.



Table 2: Summary of aerosol and meteorological data utilized in this study.

Kanpur
Resolution
Parameter Period Reference
Temporal Spatial | Vertical

Aerosol optical depth (AOD) at
0.34,0.38, 0.44, 0.5, 0.675, and
0.87 um
Singl ing albedo (SSA) Jamuary 2007 - Monthl Ao

ingle scattering albedo at ont| - - ; ;

g g December 2009 y Dubovik and King,
0.44,0.675, 0.87, and 1.02 pm 2000; Holben et al.,
Asymmetry parameter (g) at 0.44, 2001
0.675, 0.87, and 1.02 um
Aerosol extinction coefficient (f.r) | May 2009 — November ) MPLNET

1 minute - 75 m
at 532 nm 2015 Welton et al., 2001
) - January 2007 — March | 1-2 samples/
Aerosol chemical composition - - Ram et al. 2010a
2008 week
May 2009 — November MPLNET
Mixed layer height (MLH) 1 minute - -
2015 Lewis etal., 2013
) o November 2007 —
Relative humidity (RH) Hourly - - MOSDAC
December 2009
Bay of Bengal
Resolution
Parameters Period Reference
Temporal Spatial | Vertical
Acerosol optical depth (AOD) at 27 December 2008 — 9
10 minutes - - Kaskaoutis et al. 2011
0.38,0.44, 0.5, 0.675, and 0.87 pm January 2009
Aerosol extinction coefficient (fex) December 2008 — 2°x5°
Monthly 60 m
at 532 nm January 2009 (latxlon)
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CALIOP
Tackett et al., 2018

Aerosol chemical composition

27 December 2008 — 9

January 2009

Daily

Srinivas et al. 2011

Mixed layer height (MLH)

27 December 2008 — 9

January 2009

2 launches/

day

Subrahamanyam et al.

2012

Relative humidity (RH)

27 December 2008 — 9

January 2009

Daily

Sinha et al., 2011b
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Figure 2: a) Location of Kanpur (diamond) and the W-ICARB cruise track (dotted lines). Measurements of AOD, chemical
composition, and RH over the West-BoB and North-BoB (demarcated with dashed lines) were utilized in this study. Additionally,
the locations of Delhi, Varanasi, and Bhubaneswar (circles) are indicated, where mixing state measurements were obtained for
comparison with the modeled mixing states. The shaded area marks the Indo-Gangetic Plains. Seasonal average surface winds over
the region from ERADS reanalysis are shown for a) winter, b) premonsoon and c) postmonsoon by vectors.
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3.2.2. Mixing state assumptions

The analysis encompasses eight aerosol components (IS, WS, BC, SSam, SScm, MDnm, MDam, and MDcm) in an externally
mixed state and their combinations forming a core-shell mixed structure at various CSR values, ranging from 0.1 to 0.9 with
an increment of 0.1. This results in a total of 305 distinct and plausible aerosol components under consideration. This excludes
combinations involving MD as the shell component and the homogenous internal mixing of these aerosol components, as their
physical existence is rather unlikely in the atmosphere (Jacobson, 2000; Dey et al., 2008). The SU component is not explicitly
considered, as the WS component accounts for anthropogenic sulfate. Different CSR values signify distinct mixing scenarios
of core and shell components, each with varying mass fractions within a particle. For instance, a CSR of 0.1 indicates a thick
coating, while a CSR of 0.9 suggests a thin coating.

Previous studies have assumed either the entire mass of the constituent aerosol components or a specific fraction of it to be
involved in core-shell mixing (Chandra et al., 2004; Dey et al., 2008; Srivastava and Ramachandran, 2013). The latter
assumption aligns more closely with observed mixing scenarios. Wherein, the entire mass of an aerosol component may not
necessarily be in a core-shell mixed state with another. Instead, a fraction of it may be, while the rest can exist in an externally
mixed state or be internally mixed with other aerosol components (Arimoto et al., 2006; Shamjad et al., 2016; Thamban et al.,
2017). However, both assumptions necessitate prior knowledge of the component-wise M, for computing the CSR value of
core-shell mixed aerosols to determine their optical properties. In contrast, this study proposes allowing the variations of CSR
values of core-shell mixed aerosols in the model. This offers a more flexible approach than relying on measured Ma to assess
the probable aerosol mixing state. Subsequently, the mass fraction of the core and shell components participating in the mixing
can be calculated from the CSR value of the probable core-shell mixed components using Eq. (1).

The aerosol mixing state in this study is described based on the distribution of the mass of different aerosol components within
the aerosol mixture. If each particle in the mixture is composed of a single aerosol component, the mixture is considered 100%
externally mixed. Conversely, if all the particles are composed of two aerosol components as a core-shell structure, it is denoted
as 100% core-shell mixed. The total mass of the particles composed of a single aerosol component contributes to the externally
mixed aerosol mass fraction, while the total mass of particles with a core-shell structure contributes to the core-shell mixed
mass fraction. The mass fraction of an aerosol component in a core-shell mixed component is determined by calculating the
ratio of its mass in that core-shell mixed component to the total mass of that component in the aerosol mixture. The masses of
core and shell components in a core-shell mixed component are computed using Eq. (1). The combined mass of an aerosol
component in various core-shell mixed particles and in an externally mixed state contributes to the total mass of that aerosol
component in the mixture. The combined mass concentrations of SSam and SScm together are referred to as SS mass
concentration (Mss), while MDnm, MDam, and MDcm collectively constitute the MD mass concentration (Mwmp). Here
onwards, 1S, WS, and BC mass concentrations are denoted as M;s, Mws, and Mgc, respectively. The scalability of AeroMix in
terms of the number of components that can be defined in a given mixture enabled this study to assess the possible existence

of different types of core-shell mixed particles in the atmosphere. Since AeroMix models optical properties at specified RH
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levels, the nearest RH value to the seasonal average of the daytime mixed layer RH for Kanpur and the regional average for

BoB is chosen, respectively.

3.2.3. Aerosol vertical profile

The vertical distribution of aerosols in the mixed layer is modeled by fitting a cubic polynomial (Eq. (6)) to the measured SBex:
at 532 nm profiles. The choice to explore an alternative approach emerged because the exponential function (Eq. (5)) may not
consistently capture the actual vertical variation of aerosols, particularly when there are co-existing elevated aerosol layers.
This inconsistency results in an inaccurate representation of the measured Sex profiles. In the cases examined in this study, the
exponential function yielded a suboptimal fit, as indicated by R? values ranging from -0.24 to 0.7 and RMSE varying between
0.03 and 0.14. Conversely, the cubic polynomial provided the best fit, with R? and RMSE values ranging from 0.91 to 0.99
and 0.004 to 0.036, respectively. The aerosol chemical composition and vertical profiles in the free troposphere and
stratosphere are modeled following Hess et al. (1998). The size distributions and optical properties of all aerosol components
are assumed to be uniform throughout the atmospheric column.

Assessing the impact of these assumptions about the aerosol vertical profile is challenging due to the limitation in determining
the extent of changes in aerosol properties with altitude. Even if such variations are known, like other inversion algorithms
(Lewandowski et al., 2010; Sinha et al., 2013), there is a limitation associated with the Mie inversion technique in estimating
the effect of the changes on the inversion results, although it has been widely utilized as described above. Alternatively,
sensitivity estimates on AOD of the parameters describing vertical profiles are also complicated owing to the interdependence
of multiple factors influencing AOD, such as vertical profile and layer thickness of aerosols. Suppose the covariation of the
aerosol vertical profile with changes in mixed layer thickness is disregarded by assuming a constant aerosol vertical profile
while varying the MLH. In that case, the changes in AOD (AA0OD/AMLH =~ dAOD /dh) are minimal (<0.0005) for a unit
meter shift in MLH across the different vertical profiles considered (Fig. C1). A detailed description of this sensitivity analysis
is given in Appendix C. However, the AAOD/AMLH is not uniform throughout the vertical column. Instead, it follows the
given vertical distribution of aerosols within the layer. This suggests that alterations in MLH have a more pronounced effect
on AOD at altitudes characterized by higher aerosol concentrations than those with lower aerosol concentrations. Given the
highly heterogeneous spatial and temporal nature of aerosol vertical distribution in the real atmosphere (Kumar et al., 2023),
attempting a generalized quantification of the sensitivity of vertical profile assumptions on AOD lacks meaningful

interpretation.

3.3. Assessment of probable aerosol mixing state

The probable existence of the aerosol components in the atmosphere, which refers to the aerosol mixing state is assessed by
iteratively varying the number concentrations in the mixture in AeroMix until the root mean squared error (RMSE) between
the measured and modeled AOD and SSA spectra are minimized. Only those spectra with RMSE minimum < 0.03 are

considered as the best fit (Fig. 1). The RMSE threshold of 0.03 is chosen to ensure that the RMSE remains within the lowest
14
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uncertainty (15%) in the Aerosol Robotic Network (AERONET) AOD and SSA retrievals (Srivastava and Ramachandran,
2013). Since AeroMix models optical properties at specific wavelengths, modeled AOD values are interpolated to the
measurement wavelengths for calculating the RMSE using a second-order polynomial equation (Eq. (8)) (Eck et al., 1999),
which provides greater precision compared to the Angstrém exponent power law.

InAOD(A) = a,(In)? + a; Ind + a, (8),
where 1 is the wavelength at which AOD is calculated, and ao, a1, and az are coefficients. However, for SSA, wavelengths
closer to the measurement wavelengths are chosen in AeroMix since no equivalent relationship exists for SSA interpolation.
The aerosol mixtures with modeled spectral AODs and SSAs matched well with the measured ones (RMSE< 0.03) are taken
as probable aerosol mixing states for a given location and season under consideration. It is important to note that the aerosol
mixing state modeled by the Mie inversion technique is not unique but a probable scenario. Solving a system of equations with
number of unknowns greater than the constraints poses an undetermined system having multiple solutions (Sumlin et al., 2018).
Hence, a physically feasible solution is selected from the AeroMix-modeled probable aerosol mixing states by further
constraining with the measured component-wise M, with the modeled M, agreed to within +16. Measured M, of organic carbon
(OC), elemental carbon (EC), water-soluble organic carbon (WSOC), and water-soluble ionic species (WSIS) are grouped into
the Mis, Mws, Mac, Mss, and Mwmp using appropriate fixed scaling factors for each component prescribed in the literature (see
Appendix B for detailed descriptions). The asymmetry parameter is not considered to constrain the mixing states; however, a
brief comparison between modeled and measured asymmetry parameter values is provided in the next section.

4. AeroMix modeled aerosol mixing state over Kanpur and the Bay of Bengal
4.1. Kanpur

Aerosol mixing state over Kanpur is deduced for winter (December-February), premonsoon (March-June), and postmonsoon
(October and November) seasons by constraining AeroMix modeled spectral AODs, SSAs, and M, with the measured ones
obtained at Kanpur during 2007-2009. The monsoon (July-September) season is excluded from the study due to the lack of
aerosol chemical composition measurements. The selection of this study period is based on the availability of collocated
aerosol chemical composition data over Kanpur and the concurrent W-ICARB campaign data over the BoB during winter, of
which a detailed description is provided in the following section. Due to a lack of simultaneous MPLNET observations
representing the seasons under consideration, we utilized seasonal averages of MLH and fex at 532 nm derived from MPLNET
data spanning the entire operational period from May 2009 to November 2015 to model the aerosol vertical distribution.

Figures 3a-3c present the AeroMix modeled spectral AODs, SSAs, component-wise M, in external and core-shell mixed states
compared with the measured ones for winter, premonsoon and postmonsoon seasons of 2007-2009 over Kanpur. The modeled
percentage mass fraction of aerosols to the total M is depicted in Fig. 3d. A summary of the probable core-shell mixed aerosol

components in each season, their CSR values, and the mass fractions of components in each core-shell mixed component are
15



presented in Table 3. The AeroMix modeled spectral AODs and SSAs of the probable aerosol mixture agreed with the
measured values for all the seasons within RMSE values of <0.03 (Figs. 3a-3b). The corresponding modeled and measured M,

305 of all components agreed to within +1o (Fig. 3c). AeroMix estimated Mwvp could not be compared due to the unavailability of
mineral dust measurements during the study period.
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Table 3: Probable core-shell mixed aerosol components modeled with AeroMix over Kanpur for winter, premonsoon, and
postmonsoon seasons of 2007-2009 and over the BoB during winter (December 2008-January 2009). The percentage mass fraction
of aerosol components participating in core-shell mixing is also presented.

Kanpur
Core-shell mixed Core Shell
Season CSR
components Component % Component %
IS-WS 0.8 IS 86.5 WS 49.8
Winter BC-WS 0.4 BC 51.8 WS 42.0
SSam-BC 0.9 SSam 50.2 BC 9.70
IS-WS 0.9 IS 100 WS 62.6
Premonsoon
MDnm-BC 0.3 MDnm 0.04 BC 49.6
IS-WS 0.8 IS 97.1 WS 58.6
Postmonsoon
BC-WS 0.4 BC 8.0 WS 7.80
Bay of Bengal
) Core-shell mixed Core Shell
Region CSR
components Component % Component %
IS-WS 0.8 IS 100 WS 34.7
W-BoB BC-WS 0.4 BC 23.6 WS 21.9
MDnm-BC 0.4 MDnm 0.70 BC 76.4
IS-WS 0.9 IS 100 WS 134
N-BoB
BC-WS 0.4 BC 100 WS 86.6

310
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Figure 3: Measured and AeroMix modeled aerosol parameters over Kanpur during the winter, premonsoon, and postmonsoon
seasons of 2007-2009. a) AeroMix modeled season-wise spectral AOD compared with AERONET measured AOD. Vertical bars
represent the standard deviation of the mean values. Root mean square error of the fit is given in parenthesis, b) Same as (a) but for
SSA, ¢) Component-wise aerosol mass concentration in externally mixed and core-shell mixed state compared with measured aerosol
mass concentration. Vertical bars represent standard deviation (+16) of the mean values, d) Modeled percentage mass fraction of
aerosol components to the total aerosol mass (inner pie) and percentage mass fraction of externally mixed and core-shell mixed
aerosols to the total aerosol mass (outer pie).
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Seasonal variability in the extent of core-shell mixing, the types of core-shell mixed particles, and the aerosol mass fraction
participating in core-shell mixing are observed (Figs. 3c-d; Table 3). The percentage mass fractions of the total M, in core-
shell mixed states increased from 30% in premonsoon to 59% in winter (Fig. 3d). Insoluble aerosols thinly coated with water-
soluble are probable in all three seasons. Water-soluble aerosols are also found to be thickly coated over BC aerosols during
the winter and postmonsoon seasons. BC aerosols are thinly coated over half of the SSam mass in winter while thickly coated
over a tiny fraction of the MDnm aerosols in premonsoon season. Only SSam of sea-salt components and MDnm of mineral
dust components are in the core-shell mixed state, and the majority (>99%) of mineral dust is in an externally mixed state in
all seasons.

In Kanpur, the AeroMix modeled and measured spectral asymmetry parameter exhibited excellent closure for winter (RMSE
=0.024) and postmonsoon (RMSE = 0.02) but deviated slightly (RMSE = 0.065) for premonsoon (however, not shown), which
could be associated with the presence of BC-coated mineral dust aerosols (Table 3) of which the non-sphericity is not accounted
in AeroMix.

The earlier modeling study assessing aerosol mixing states over Kanpur also reported the probable existence of water-soluble
coated BC aerosols during winter and postmonsoon, BC-coated mineral dust during premonsoon and water-soluble coated
insoluble aerosols during postmonsoon seasons (Srivastava and Ramachandran, 2013). Expanding upon these findings, the
present study, leveraging AeroMix capability to model any number of aerosol components in a mixture, reveals the likely
coexistence of multiple core-shell mixed aerosol components in the aerosol mixture over Kanpur. The mass fractions of core
and shell components involved in core-shell mixing are anticipated to differ among the studies. The present study assessed the
probable coexistence of aerosol components in externally mixed states and different core-shell mixed states at various mass-
mixing scenarios, considering all possibilities simultaneously. In contrast, Srivastava and Ramachandran (2013) examined the
probable existence of each core-shell mixed component as a separate case, with core and shell components mixed at mass
fractions varying from 20-100% of their total mass, while the rest remained externally mixed with other aerosol components.
The findings in this study are further strengthened by constraining the probable mixing states with the concurrent and
collocated measured aerosol chemical composition data (Ram et al., 2010a), contributing to a more robust assessment of

probable aerosol mixing states.

4.2. Bay of Bengal

Aerosol mixing states over the W-BoB and N-BoB are analyzed for the winter season from the spectral AODs, aerosol
chemical composition, MLH, and RH data measured during the W-ICARB campaign from 27" December 2008 to 9" January
2009. MLH derived from radiosonde and fex at 532 nm from CALIOP are used to model the aerosol vertical distribution. In
the absence of SSA measurement, only the measured spectral AODs and M, are used as constraints to simulate aerosol
compositions and model the probable mixing state over the regions, which may influence the mixing state estimates. The
modeled spectral AODs of the probable aerosol mixtures are in close agreement with the measured values (RMSE<0.03) (Fig.
4a), and modeled M, are within +1o of measured values for both regions (Fig. 4b).
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Figure 4: Measured and AeroMix modeled aerosol parameters over the W-BoB and N-BoB during winter season (December 2008-
January 2009). a) AeroMix modeled season-wise spectral AOD compared with measured AOD. Vertical bars represent the standard
deviation of the mean values. Root mean square error of the fit is given in parenthesis, b) Component-wise aerosol mass concentration
in externally mixed and core-shell mixed state compared with measured aerosol mass concentration. Vertical bars represent standard
deviation (+16) of the mean values, c) Modeled percentage mass fraction of aerosol components to the total aerosol mass (inner pie)
and percentage mass fraction of externally mixed and core-shell mixed aerosols to the total aerosol mass (outer pie).
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The extent of core-shell mixing is greater over the N-BoB (68%) compared to the W-BoB (48%) during the winter season.
The mixtures consisting of BC-coated mineral dust; and water-soluble coated insoluble and BC particles are the probable core-
shell mixing scenarios over the W-BoB. Meanwhile, over the N-BoB, only water-soluble coated insoluble and BC aerosols
are probable in the core-shell mixed state (Table 3). Interestingly, over the W-BoB, about 43% of the water-soluble aerosol
mass remains externally mixed, whereas, all water-soluble aerosols are coated over all of the insoluble and BC over the N-
BoB. A small fraction of the mineral dust is thickly coated with BC over the W-BoB, but all of the mineral dust is externally
mixed in the N-BoB. Size-segregated measurements of aerosol vertical profiles combined with airmass trajectory analysis over
the BoB during W-ICARB revealed the strong presence of coarse mode aerosols in the IGP outflow (Sinha et al., 2011a).
There is no similar modeling study conducted over the BoB to assess probable aerosol mixing states, making it impossible to
compare the current findings directly. However, comparisons with the available aerosol mixing measurements from nearby

regions at different time periods are provided in Sect. 4.4.

4.3. Comparison of modeled mixing states over Kanpur and Bay of Bengal during winter

The BoB, being located downwind of the IGP, is significantly affected by the continental outflow from the IGP during the
winter (Fig. 2a) (Sinha et al., 2011a). During this season, a significant fraction of aerosols are in the core-shell mixed state
over Kanpur and BoB. The extent of core-shell mixing is higher over the N-BoB (68%) and lower over W-BoB (48%)
compared to Kanpur in winter (59%) (see Figs. 3d and 4c). The relative coating thickness of the core-shell mixed components
remained similar over Kanpur and BoB, though there is a difference in the mass fraction of aerosol components participating
in the core-shell mixing. The similarity in the modeled mixing states, particularly water-soluble coated insoluble and BC
particles over the BoB and Kanpur suggests the transport of core-shell mixed aerosol components from the IGP to BoB during
winter. Additionally, the thick coating of BC over a small fraction of mineral dust aerosols in the W-BoB region, which is not
observed in Kanpur, indicates the aging effect of the long-range transport on the mixing state of the mineral dust and BC
aerosols. While the Mws over the W-BoB is merely half of that over Kanpur, 43% of the Mws is in the externally mixed state
over the W-BoB (Fig. 4b) compared to only 8% of Mws over Kanpur (Fig. 3c). This suggests a possible contribution of water-
soluble aerosols (anthropogenic) to the W-BoB from proximal sources, along with continental outflow from IGP. The probable
core-shell mixing scenarios presented in this study for Kanpur and the BoB are similar to those in other urban (Clarke et al.,

2004; Arimoto et al., 2006) and marine regions (Guazzotti et al., 2001) and are discussed in detail in the next section.

4.4. Comparison of aerosol mixing states obtained with AeroMix, SP2, and Electron Microscopy

Measurements with an SP2 and an aerosol mass spectrometer (AMS) over Kanpur indicate 61.6+9.8% of the total number of
BC aerosols are thickly coated in winter with low volatile oxygenated organic aerosols, ammonium, and nitrate (Shamjad et
al., 2016; Thamban et al., 2017). These findings are qualitatively consistent with AeroMix, which models 51.8% of BC mass
in a core-shell structure over Kanpur in winter. Due to the lack of concurrent aerosol mixing state inferred through TEM

analysis at Kanpur, we qualitatively compare AeroMix and TEM-derived core-shell structures available over Delhi in the
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winter of 2014 (Mishra et al., 2018). Similar aerosol characteristics over Kanpur and Delhi in the Eastern IGP are anticipated,
supported by recent findings indicating dominant anthropogenic aerosols over the entire IGP region in winter (Ojha et al.,
2020). The key anthropogenic aerosols, namely BC, sulfate, and organic aerosols, generally favor the core-shell structure. In
winter over Delhi, observations revealed semi-aged carbon fractal aggregates are embedded into sulfate or organic coats
(Mishra et al., 2018). Other studies reported similar findings over Delhi and Varanasi in the IGP during winter (Tiwari et al.,
2015; Murari et al., 2016).

Electron micrographs of the aerosol samples collected from the regions impacted by emissions from heavy industries suggest
the presence of fine metal and fly ash particles coated with secondary aerosols (Li et al., 2016), supporting the probable
existence of 1S-WS aerosols, as modeled by AeroMix over the heavily industrialized Kanpur throughout the year and in the
outflow. Similar observations of the desert outflows at various locations have reported the presence of BC-coated MD aerosols
(Arimoto et al., 2006; Clarke et al., 2004; Deboudt et al., 2010), which is probable during the premonsoon season in Kanpur
and in the 1GP outflow. BC aerosols coated with WS are commonly reported over urban locations (Clarke et al., 2004; Dong
etal., 2019; Li et al., 2016; Kompalli et al., 2020), agreeing with results obtained over Kanpur using AeroMix.

A collocated measurement of BC aerosols with an SP2 and aerosol chemical composition with an Aerosol Chemical Speciation
Monitor (ACSM) in winter 2016-2017 over a coastal urban site of Bhubaneswar located in the IGP outflow to the W-BoB
suggests coated BC aerosols (CSR = 0.74), preferentially by sulfate particles (Kompalli et al., 2020). Similarly, for the
continental outflow over the northern Indian Ocean from IGP via W-BoB during winter (Fig. 2a), collocated measurement
with an SP2 and ACSM reported the presence of BC aerosols thickly coated (CSR =~ 0.37-0.59) by sulfate and organic matter
(Kompalli et al., 2021). These observations are consistent with the AeroMix modeled aerosol mixing states, indicating the
probable existence of the thickly coated BC with WS aerosols (CSR = 0.4) over both the W-BoB and N-BoB. This reasonable
agreement between AeroMix and independent measurements, although some of these measurements are not spatially and

temporally collocated, substantiates the potential capability of AeroMix to model intricate aerosol mixing states.

5. Summary and future scope

Atmospheric aerosols can be a complex mixture of different components due to their variety of sources, short residence time,
and dynamic nature. A Python package named 'AeroMix' is developed to model the optical properties and mixing states of
complex aerosol mixtures using Mie inversion. The novel features in the AeroMix encompass the capability to model both
externally and core-shell (internally) mixed aerosols, simulate optical properties of aerosol mixtures comprising any number
of aerosol components, and define aerosol composition and relative humidity in up to six vertical layers. These features make
AeroMix a valuable tool for modeling real atmospheric aerosol mixing scenarios by assessing the potential coexistence of
aerosol components in both externally mixed states and various core-shell mixed states by considering all possibilities

simultaneously.
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AeroMix performance is demonstrated by modeling probable aerosol mixing states over Kanpur and the Bay of Bengal (BoB)
in South Asia, representing urban and marine environments. This study presents observationally constrained mixing states of
complex aerosol mixtures constituted by multiple aerosol components in externally mixed and/or core-shell mixed states with
AeroMix using measured aerosol chemical and optical properties for the first time over Kanpur and BoB.

Utilizing AeroMix capability to model any number of aerosol components in a mixture, this study reveals the likely existence
of multiple core-shell mixed aerosol components in the aerosol mixture over Kanpur and BoB. The AeroMix modeled aerosol
mixing states are qualitatively consistent with the independent measurements using single-particle soot photometer (SP2) and
transmission electron microscopy (TEM), although some of these measurements are not spatially or temporally collocated.
The reasonable agreement between AeroMix and these measurements substantiates the potential capability of AeroMix to
model complex aerosol mixing states involving multiple core-shell mixed components. However, this study is limited to a
qualitative examination of aerosol mixing states due to the inherent constraints of the inverted Mie model approach as discussed
in Sect. 3.3.

Although aerosols exhibit diverse morphology, AeroMix treats all aerosols as spherical particles except mineral dust. With the
capability to incorporate various databases describing aerosol components, AeroMix ensures a better representation of aerosol
properties as more refined aerosol data becomes available, accounting for morphological effects on optical properties. The
prospective advancement linked to AeroMix involves the development of an optimization/machine learning algorithm utilizing
AeroMix as the aerosol optical model. Such an algorithm will enable faster and more deterministic estimation of aerosol mixing
states at fine temporal and spatial resolutions. Its potential applications extend beyond aerosol studies, including astrophysics

and remote sensing, particularly for atmospheric correction.

Appendix A: Evaluation of AeroMix

The consistency of AeroMix is assessed by comparing the aerosol optical and physical properties modeled with AeroMix and
OPAC (Hess et al., 1998). The component-wise mass concentration compared for ten externally mixed aerosol types given in
OPAC, namely continental clean, continental average, continental polluted, urban, desert, maritime clean, maritime polluted,
maritime tropical, Arctic, and Antarctic at a relative humidity (RH) of 50% is presented in Fig. Al. The AeroMix computed
mass concentrations of all components are consistent with the OPAC (r = 0.99, slope = 1; not shown).

Similarly, the comparisons between AeroMix and OPAC modeled aerosol optical depth (AOD), single scattering albedo
(SSA), and asymmetry parameter (g) for all wavelengths ranging from 0.25 to 40 um are presented in Figs. A2 a-c. The optical
properties such as AOD, SSA, and g also agree (r = 1, slope = 1) with the OPAC model (Figs. A2 a-c). Since the AOD and

SSA are calculated from the modeled Mie coefficients, they need not be shown separately.
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Figure A2: Scatter plots of AeroMix calculated values of a) aerosol optical depth (AOD), b) single scattering albedo (SSA) and c)
asymmetry parameter (g) for ten aerosol types at RH = 50% for all wavelengths with those calculated by OPAC. The solid red line
is the least-squares regression line forced through the origin (intercept = 0).
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Appendix B: Study region and data
B.1. Kanpur

Kanpur (26.513° N, 80.232° E, 123 m AMSL), located at the central part of the Indo-Gangetic Plain (IGP), experiences
moderate to high levels of pollution resulting from both anthropogenic and natural emissions (Ram et al., 2010a).

To assess the probable mixing state and chemical composition of aerosols, monthly level 2 (cloud screened and quality assured)
spectral AOD (0.34, 0.38, 0.44, 0.5, 0.675, and 0.87 um) and spectral SSA (0.44, 0.675, 0.87, and 1.02 um) measurements
obtained from the AERONET (Holben et al., 2001) station at Kanpur during the period January 2007 to December 2009 are
utilized. The total uncertainty associated with the measured AOD values under cloud-free conditions is estimated to be <+0.01
for wavelengths >440 nm and <+0.01 for shorter wavelengths (Smirnov et al., 2000). AOD measured at 1.02 um is not
considered for the analysis to avoid the effect of water vapor absorption.

Daytime mixed layer height (MLH) and aerosol extinction coefficient (Bex) data are obtained from the NASA Micro-Pulse
Lidar Network (MPLNET) Planetary Boundary Layer and Aerosol products (version 3, level 1.5), respectively (Welton et al.,
2001; Lewis et al., 2013) to model the vertical distribution of mixed layer aerosols in AeroMix. The MPLNET data available
over Kanpur only covers five months (May-June and October-December 2009) during the study period. Due to the lack of
MPLNET data over Kanpur representing all months during the study period, seasonal averages of MLH and fex at 532 nm
derived during the entire operational period of MPLNET, spanning from May 2009 to November 2015, are utilized.

The measured mass concentration of aerosols over the Kanpur is obtained from the PM1o aerosol samples collected during
daytime (~8-10 hours) using a high-volume sampler operated at a flow rate of 1.0 + 0.1 m®min’ on pre-combusted tissuquartz
(PALLFLEX™) filters of size 20.0 x 25.4 cm? (Ram et al., 2010b). Sixty-six samples were collected during the period January
2007 to March 2008 and were analyzed for organic carbon (OC), elemental carbon (EC), water-soluble organic carbon
(WSOC), and water-soluble ionic species (WSIS). No samples were collected during the monsoon season (July-September).
A detailed description of the analytical procedures and the data can be found in Ram et al. (2010a). The measured PM10
aerosol chemical composition is grouped into water-insoluble (1S), water-soluble (WS), black carbon (BC), sea-salt (SS), and
mineral dust (MD). The mineral dust mass concentration is calculated by scaling the measured Aluminum concentration by a
factor of 12.5 since the soil mass contains 8.04% of Aluminum (Srinivas et al., 2011; Taylor and McLennan, 1985). However,
mineral dust mass concentration is not calculated and validated for Kanpur due to the unavailability of measured Al mass
concentration. The sea-salt mass concentration is estimated by scaling the measured Na* mass concentration with a factor of
3.2, considering the salinity of seawater to be ~35g kg™ (Millero et al., 2008). Measured EC is taken as the BC concentration.
WSIS and WSOC constitute the WS mass concentration, and OCx1.6 is taken as the 1S mass concentration.

Daytime relative humidity (RH) values are obtained from the automatic weather station installed at Kanpur
(www.mosdac.gov.in/catalog/insitu.php) for the period November 2007 to December 2009. The availability of the collocated
aerosol chemical, optical, and vertical profile measurements make Kanpur desirable for assessing the aerosol mixing states

representing an urban location.
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B.2. Bay of Bengal

BoB is located in the northeastern part of the Indian Ocean, bounded by the Indian subcontinent to the west and the Indochinese
Peninsula to the east. Anthropogenic and natural emissions from these surrounding landmasses largely influence the aerosol
characteristics over the BoB during winter seasons (Srinivas et al., 2011). The northwestern part of the BoB, which is most
affected by the continental outflow of aerosols during the winter (Sinha et al., 2011a), is selected to assess the aerosol mixing
state over the marine environment.

The probable aerosol mixing state over the western and northern part of the BoB (W-BoB and N-BoB) during the winter season
are derived from the data obtained from the Winter-Integrated Campaign for Aerosols, gases and Radiation Budget (W-
ICARB) conducted from 27" December 2008 to 30" January 2009 (Moorthy et al., 2010). The W-BoB and N-BoB are
demarcated following Kaskaoutis et al. (2011). The spectral AOD, MLH, RH, and aerosol chemical composition data measured
from 27" December 2008 to 9™ January 2009 are used in this study.

Spectral AOD (0.38, 0.44, 0.5, 0.675, and 0.87 um) measurements were made using a handheld sunphotometer MICROTOPS-
Il (Solar Light Company, USA) at ~10-minute intervals. Th e estimated uncertainty in AOD measurements made by the
MICROTOPS-II is less than £0.03 (Morys et al., 2001; Smirnov et al., 2009). Only cloud-free data are used for the analysis,
and triplet observations were made to avoid any possible operator error in sun pointing on the moving platform. For a detailed
description of AOD measurements and quality controls, refer to Kaskaoutis et al. (2011).

MLH values are derived from thermodynamics variables, namely, potential temperature, wind shear, specific humidity, and
bulk Richardson number. These parameters are derived from Pisharoty GPS radiosonde (make: VSSC, ISRO, India) launched
daily three times at 00:30, 06:30, and 13:30 local time (LT) during the campaign. Daily mean MLH derived from 22 morning
(06:30 LT) and afternoon (13:30 LT) launches were utilized in this study. A detailed description of radiosonde and
methodology of the derivation of MLH are presented in Subrahamanyam et al. (2012) and thus not repeated here.
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) level 3, V4 cloud-free daytime extinction coefficients at 532
nm (Kim et al., 2018) were used to model the tropospheric aerosol profile over the BoB. CALIOP Level 3 extinction coefficient
at 532 nm is a monthly averaged globally gridded data based on quality-screened level 2 aerosol extinction profiles up to an
altitude of 12 km. Cloud-free extinction coefficient profiles are quality screened following Tackett et al. (2018) and aggregated
uniformly gridded onto a global 2° latitudes x 5° longitudes with a vertical resolution of 60 m. The incorrect LiDAR ratios
(Omar et al., 2009) and aerosol type classification (Huang et al., 2013) are the two important contributors to the uncertainty in
CALIOP Level 3 aerosol extinction. Despite these uncertainties, Winker et al. (2013) have shown that these Level 3 aerosol
data are realistic and representative of aerosol extinction greater than about 0.001 km and up to an altitude of 6 km. Thus, we
excluded the extinction coefficient values below 0.001 km™ in our analyses. In addition, the CALIOP Level 3 extinction
coefficient has been extensively used in investigating the seasonal evolution of extinction profile (Huang et al., 2013), global
aerosol source attribution (Prijith et al., 2016), estimates of wildfire injection heights (Sofiev et al., 2013), and aerosol radiative
effect (Chung et al., 2016).
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Air samples containing PMso aerosols were collected during the W-ICARB campaign over the BoB onboard the ship using a
high-volume sampler (Thermo Andersen, USA) 15 m above the mean sea level at a flow rate of about one m3min with a
variation of 5%. Each sample was collected over a time period ranging from 20 to 22 h on pre-combusted tissuquartz
(PALLFLEX™) filters of size 20x25 cm?. A total of 11 samples were collected during the cruise over the W-BoB and N-BoB
and were analyzed for OC, EC, WSOC, WSIS, trace metals (Cd and Pb), and crustal constituents (Al, Fe, Ca, and Mg). Detailed
descriptions of the analytical procedures are given elsewhere (Srinivas et al., 2011).

RH measurements taken during the cruise using meteorological sensors onboard the ship are used to model the aerosol

hygroscopic growth.

Appendix C: Sensitivity of AOD to layer thickness

To evaluate the impact of changes in layer thickness on AOD, sensitivity analyses are conducted, keeping the vertical profiles
of aerosols constant while varying MLH. Figure C1 presents the variations in mixed layer AOD at 0.5 pm in response to
alterations in MLH (AAOD/AMLH). The AOD is calculated for the urban aerosol type (IS (number concentration) = 1.5 cm™3,
WS =28000 cm3, and BC = 130000 cm?) at a relative humidity of 50% using AeroMix.
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Figure C1: Variation in mixed layer aerosol optical depth (AOD) per unit meter change in mixed layer height (MLH)
across various sample vertical profiles. Calculations were performed using AeroMix for an urban aerosol type. Solid lines

illustrate the sample vertical profiles, while the triangles indicate the corresponding AOD changes per unit meter change
in MLH.
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Code availability

The AeroMix package is publicly available on Zenodo (https://doi.org/10.5281/zenodo.10552079) and GitHub
(https://github.com/sampr7/AeroMix) under GNU General Public License-3.0 (P Raj and Sinha, 2024a). The key package
dependencies include,

1.  NumPy (www.numpy.org)

2. SciPy (ww.scipy.org)

3. PyMieScatt (www.github.com/bsumlin/PyMieScatt).
The model outputs and codes used to generate the results presented are available in a separate Zenodo repository:
https://doi.org/10.5281/zenodo.12625421 (P Raj and Sinha, 2024b).

Data availability

The AERONET level 2 data (www.aeronet.gsfc.nasa.gov/), MPLNET data (www.mplnet.gsfc.nasa.gov/), CALIOP data

(www.subset.larc.nasa.gov/calipso/), RH data over Kanpur (www.mosdac.gov.in/catalog/insitu.php), and 10 m surface wind

data  (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-levels-monthly-means?tab=overview) are
openly available from respective websites. The aerosol chemical composition over Kanpur (Ram et al., 2010a), AOD
(Kaskaoutis et al., 2011), aerosol chemical composition (Srinivas et al., 2011), and mixed layer height (Subrahamanyam et al.,

2012) data collected during W-ICARB campaign are presented in respective sources.

Author Contribution

PRS conceived the ideas and designed the study. SPR developed the AeroMix package, performed analysis, and prepared the
original draft with inputs from PRS. RS contributed to the scientific discussions on mixing state calculations. DBS and SB
provided the radiosonde and chemical composition data, respectively, obtained during the W-ICARB cruise and contributed
to the scientific discussions.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

This work was supported as part of developing the 1IST Ponmudi Climate Observatory under ASRG-ISRO program. We
acknowledge the Pls of Kanpur AERONET and MPLNET for their effort in establishing and maintaining the sites. The authors

30


http://www.mosdac.gov.in/catalog/insitu.php

550

555

560

565

570

575

gratefully acknowledge the ISRO-GBP program office and SPL-VSSC for conducting the W-ICARB campaign and are
thankful to IMD for the RH data collected during the campaign. SPR sincerely acknowledges B L Madhavan for his continuous
guidance and insightful discussions. The authors thank Simon O'Meara and the two other anonymous reviewers for their

constructive comments which helped to improve the overall presentation of this paper.

References

Arimoto, R., Kim, Y. J., Kim, Y. P,, Quinn, P. K., Bates, T. S., Anderson, T. L., Gong, S., Uno, I., Chin, M., Huebert, B. J.,
Clarke, A. D., Shinozuka, Y., Weber, R. J., Anderson, J. R., Guazzotti, S. A., Sullivan, R. C., Sodeman, D. A., Prather, K. A.,
and Sokolik, I. N.: Characterization of Asian Dust during ACE-Asia, Glob. Planet. Change, 52, 23-56,
https://doi.org/10.1016/j.gloplacha.2006.02.013, 2006.

Bohren, C. F. and Huffman, D. R.: Absorption and Scattering of Light by Small Particles, Absorpt. Scatt. Light by Small Part.,
https://doi.org/10.1002/9783527618156, 1998.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen, T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Kércher, B.,
Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C., Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H.,
Zhang, S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson, M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz,
J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender, C. S.: Bounding the role of black carbon in the climate system:
A scientific assessment, J. Geophys. Res. Atmos., 118, 5380-5552, https://doi.org/10.1002/jgrd.50171, 2013.

Chandra, S., Satheesh, S. K., and Srinivasan, J.: Can the state of mixing of black carbon aerosols explain the mystery of
‘excess’ atmospheric absorption?, Geophys. Res. Lett., 31, L19109, https://doi.org/10.1029/2004GL020662, 2004.

Ching, J., Adachi, K., Zaizen, Y., lgarashi, Y., and Kajino, M.: Aerosol mixing state revealed by transmission electron
microscopy pertaining to cloud formation and human airway deposition, npj Clim. Atmos. Sci., 2, 1-7,
https://doi.org/10.1038/s41612-019-0081-9, 2019.

Chung, C. E., Chu, J. E., Lee, Y., Van Noije, T., Jeoung, H., Ha, K. J., and Marks, M.: Global fine-mode aerosol radiative
effect, as constrained by comprehensive observations, Atmos. Chem. Phys., 16, 8071-8080, https://doi.org/10.5194/ACP-16-
8071-2016, 2016.

Clarke, A. D., Shinozuka, Y., Kapustin, V. N., Howell, S., Huebert, B., Doherty, S., Anderson, T., Covert, D., Anderson, J.,
Hua, X., Moore, K. G., McNaughton, C., Carmichael, G., and Weber, R.: Size distributions and mixtures of dust and black
carbon aerosol in Asian outflow: Physiochemistry and optical properties, J. Geophys. Res. Atmos., 109, 15-24,
https://doi.org/10.1029/2003JD004378, 2004.

Deboudt, K., Flament, P., Choél, M., Gloter, A., Sobanska, S., and Colliex, C.: Mixing state of aerosols and direct observation
of carbonaceous and marine coatings on African dust by individual particle analysis, J. Geophys. Res. Atmos., 115, 24207,
https://doi.org/10.1029/2010JD013921, 2010.

31



580

585

590

595

600

605

610

Deepak, A. and Gerber, H. E. (Eds.): Report of the Experts Meeting on Aerosols and Their Climatic Effects, Williamsburg,
VA, 28-30 March 1983, (WCP 55,), World Meteorological Organization, Geneva, https://worldcat.org/oclc/636911153, 1983.
Dey, S., Tripathi, S. N., and Mishra, S. K.: Probable mixing state of aerosols in the Indo-Gangetic Basin, northern India,
Geophys. Res. Lett., 35, L03808, https://doi.org/10.1029/2007GL032622, 2008.
Dong, Z., Qin, D., Li, K., Kang, S., Wei, T., and Lu, J.: Spatial variability, mixing states and composition of various haze
particles in atmosphere during winter and summertime in northwest China, Environ. Pollut,, 246, 79-88,
https://doi.org/10.1016/j.envpol.2018.11.101, 2019.
Dubovik, O. and King, M. D.: A flexible inversion algorithm for retrieval of aerosol optical properties from Sun and sky
radiance measurements, J. Geophys. Res. Atmos., 105, 20673—-20696, https://doi.org/10.1029/2000JD900282, 2000.
Ervens, B., Cubison, M. J., Andrews, E., Feingold, G., Ogren, J. A, Jimenez, J. L., Quinn, P. K., Bates, T. S., Wang, J., Zhang,
Q., Coe, H., Flynn, M., and Allan, J. D.: CCN predictions using simplified assumptions of organic aerosol composition and
mixing state: A synthesis from six different locations, Atmos. Chem. Phys., 10, 4795-4807, https://doi.org/10.5194/acp-10-
4795-2010, 2010.
Farmer, D. K., Cappa, C. D., and Kreidenweis, S. M.: Atmospheric Processes and Their Controlling Influence on Cloud
Condensation Nuclei Activity, Chem. Rev., 115, 4199-4217, https://doi.org/10.1021/cr5006292, 2015.
Ghan, S. J. and Schwartz, S. E.: Aerosol Properties and Processes: A Path from Field and Laboratory Measurements to Global
Climate Models, Bull. Am. Meteorol. Soc., 88, 1059—1084, https://doi.org/10.1175/BAMS-88-7-1059, 2007.
Guazzotti, S. A., Coffee, K. R., and Prather, K. A.: Continuous measurements of size-resolved particle chemistry during
INDOEX-Intensive Field Phase 99, J. Geophys. Res. Atmos., 106, 28607—28627, https://doi.org/10.1029/2001JD900099,
2001.
Healy, R. M., Riemer, N., Wenger, J. C., Murphy, M., West, M., Poulain, L., Wiedensohler, A., O’Connor, . P., McGillicuddy,
E., Sodeau, J. R., and Evans, G. J.: Single particle diversity and mixing state measurements, Atmos. Chem. Phys., 14, 6289—
6299, https://doi.org/10.5194/ACP-14-6289-2014, 2014.
Hess, M., Koepke, P., and Schult, I.: Optical Properties of Aerosols and Clouds: The Software Package OPAC, Bull. Am.
Meteorol. Soc., 79, 831-844, https://doi.org/10.1175/1520-0477(1998)079<0831:OPOAAC>2.0.CO;2, 1998.
Holben, B. N., Tanré, D., Smirnov, A., Eck, T. F., Slutsker, I., Abuhassan, N., Newcomb, W. W., Schafer, J. S., Chatenet, B.,
Lavenu, F., Kaufman, Y. J., Vande Castle, J., Setzer, A., Markham, B., Clark, D., Frouin, R., Halthore, R., Karneli, A., O’Neill,
N. T., Pietras, C., Pinker, R. T., Voss, K., and Zibordi, G.: An emerging ground-based aerosol climatology: Aerosol optical
depth from AERONET, J. Geophys. Res. Atmos., 106, 12067-12097, https://doi.org/10.1029/2001JD900014, 2001.
Huang, L., Jiang, J. H., Tackett, J. L., Su, H., Fu, R., Huang, C. :, Jiang, J. H., Tackett, J. L., Su, H., and Fu, R.: Seasonal and
diurnal variations of aerosol extinction profile and type distribution from CALIPSO 5-year observations, J. Geophys. Res.
Atmos., 118, 4572-4596, https://doi.org/10.1002/JGRD.50407, 2013.
Jacobson, M. Z.: A physically-based treatment of elemental carbon optics: Implications for global direct forcing of aerosols,
Geophys. Res. Lett., 27, 217-220, https://doi.org/10.1029/1999GL 010968, 2000.

32



615

620

625

630

635

640

645

Kaskaoutis, D. G., Kumar Kharol, S., Sinha, P. R., Singh, R. P., Kambezidis, H. D., Rani Sharma, A., and Badarinath, K. V.
S.: Extremely large anthropogenic-aerosol contribution to total aerosol load over the Bay of Bengal during winter season,
Atmos. Chem. Phys., 11, 7097-7117, https://doi.org/10.5194/acp-11-7097-2011, 2011.

Kim, M. H., Omar, A. H., Tackett, J. L., Vaughan, M. A., Winker, D. M., Trepte, C. R., Hu, Y., Liu, Z., Poole, L. R., Pitts, M.
C., Kar, J., and Magill, B. E.: The CALIPSO version 4 automated aerosol classification and lidar ratio selection algorithm,
Atmos. Meas. Tech., 11, 6107-6135, https://doi.org/10.5194/amt-11-6107-2018, 2018.

Koepke, P., Hess, M., Schult, 1., and Shettle, E. P.: Global Aerosol Data Set, Max-Planck-Institut fiir Meteorologie, Hamburg,
Germany, 44 pp., www.worldcat.org/title/67711661, 1997.

Koepke, P., Gasteiger, J., and Hess, M.: Technical Note : Optical properties of desert aerosol with non-spherical mineral
particles : data incorporated to OPAC, 5947-5956, https://doi.org/10.5194/acp-15-5947-2015, 2015.

Kompalli, S. K., Babu, S. N. S., Krishnakumari Satheesh, S., Moorthy, K. K., Das, T., Boopathy, R., Liu, D., Darbyshire, E.,
Allan, J. D., Brooks, J., Flynn, M. J., and Coe, H.: Seasonal contrast in size distributions and mixing state of black carbon and
its association with PM1.0 chemical composition from the eastern coast of India, Atmos. Chem. Phys., 20, 3965-3985,
https://doi.org/10.5194/acp-20-3965-2020, 2020.

Kompalli, S. K., Babu, S. N. S., Moorthy, K. K., Satheesh, S. K., Gogoi, M. M., Nair, V. S., Jayachandran, V. N., Liu, D.,
Flynn, M. J., and Coe, H.: Mixing state of refractory black carbon aerosol in the South Asian outflow over the northern Indian
Ocean during winter, Atmos. Chem. Phys., 21, 9173-9199, https://doi.org/10.5194/acp-21-9173-2021, 2021.

Kondo, Y.: Effects of Black Carbon on Climate: Advances in Measurement and Modeling, Monogr. Environ. Earth Planets,
3, 1-85, https://doi.org/10.5047/meep.2015.00301.0001, 2015.

Kumar, G., Madhavan, B. L., Sahu, L. K., Kumar, Y. B., Vernier, J. -P., Liu, H., Zhang, B., Pandit, A. K., Manchanda, R. K.,
Dadhwal, V. K., and Sinha, P. R.: Multi-Year CALIPSO Observations of Ubiquitous Elevated Aerosol Layer in the Free
Troposphere Over South Asia: Sources and Formation Mechanism, J. Geophys. Res. Atmos., 128,
https://doi.org/10.1029/2021JD036277, 2023.

Lewandowski, P. A., Eichinger, W. E., Holder, H., Prueger, J., Wang, J., and Kleinman, L. I.: Vertical distribution of aerosols
in the vicinity of Mexico City during MILAGRO-2006 Campaign, Atmos. Chem. Phys., 10, 1017-1030,
https://doi.org/10.5194/ACP-10-1017-2010, 2010.

Lewis, J. R., Welton, E. J., Molod, A. M., and Joseph, E.: Improved boundary layer depth retrievals from MPLNET, J.
Geophys. Res. Atmos., 118, 9870-9879, https://doi.org/10.1002/jgrd.50570, 2013.

Li, W., Sun, J., Xu, L., Shi, Z., Riemer, N., Sun, Y., Fu, P., Zhang, J., Lin, Y., Wang, X., Shao, L., Chen, J., Zhang, X., Wang,
Z., and Wang, W.: A conceptual framework for mixing structures in individual aerosol particles, J. Geophys. Res. Atmos.,
121, 13,784-13,798, https://doi.org/10.1002/2016JD025252, 2016.

McFiggans, G., Artaxo, P., Baltensperger, U., Coe, H., Facchini, M. C., Feingold, G., Fuzzi, S., Gysel, M., Laaksonen, A.,
Lohmann, U., Mentel, T. F., Murphy, D. M., O’Dowd, C. D., Snider, J. R., and Weingartner, E.: The effect of physical and

33



650

655

660

665

670

675

680

chemical aerosol properties on warm cloud droplet activation, Atmos. Chem. Phys., 6, 2593-2649, https://doi.org/10.5194/acp-
6-2593-2006, 2006.
Mie, G.: Beitrdge zur Optik triber Medien, speziell kolloidaler Metallésungen, Ann. Phys., 330, 377-445,
https://doi.org/10.1002/ANDP.19083300302, 1908.
Millero, F. J., Feistel, R., Wright, D. G., and McDougall, T. J.: The composition of Standard Seawater and the definition of
the Reference-Composition Salinity Scale, Deep Sea Res. Part | Oceanogr. Res. Pap., 55, 50-72,
https://doi.org/10.1016/J.DSR.2007.10.001, 2008.
Mishchenko, M. 1., Hovenier, J. W., and Travis, L. D. (Eds.): Light scattering by nonspherical particles : theory, measurements,
and applications, Elsevier Science, Burlington, 690 pp., www.worldcat.org/title/437186724, 1999.
Mishra, S. K., Ahlawat, A., Khosla, D., Sharma, C., Prasad, M. V. S. N., Singh, S., Gupta, B., Tulsi, Sethi, D., Sinha, P. R.,
Ojha, D. K., Wiedensohler, A., and Kotnala, R. K.: Experimental investigation of variations in morphology, composition and
mixing-state of boundary layer aerosol: A balloon based study over urban environment (New Delhi), Atmos. Environ., 185,
243-252, https://doi.org/10.1016/j.atmosenv.2018.04.053, 2018.
Moorthy, K. K., Beegum, S. N., Babu, S. S., Smirnov, A., John, S. R., Kumar, K. R., Narasimhulu, K., Dutt, C. B. S., and
Nair, V. S.: Optical and physical characteristics of Bay of Bengal aerosols during W-ICARB: Spatial and vertical
heterogeneities in the marine atmospheric boundary layer and in the vertical column, J. Geophys. Res. Atmos., 115, 24213,
https://doi.org/10.1029/2010JD014094, 2010.
Morys, M., Mims, F. M., Hagerup, S., Anderson, S. E., Baker, A., Kia, J., and Walkup, T.: Design, calibration, and performance
of MICROTOPS Il handheld ozone monitor and Sun photometer, J. Geophys. Res. Atmos., 106, 14573-14582,
https://doi.org/10.1029/2001JD900103, 2001.
Murari, V., Kumar, M., Singh, N., Singh, R. S., and Banerjee, T.: Particulate morphology and elemental characteristics:
variability at middle Indo-Gangetic Plain, J. Atmos. Chem., 73, 165-179, https://doi.org/10.1007/s10874-015-9321-5, 2016.
Ojha, N., Sharma, A., Kumar, M., Girach, 1., Ansari, T. U., Sharma, S. K., Singh, N., Pozzer, A., and Gunthe, S. S.: On the
widespread enhancement in fine particulate matter across the Indo-Gangetic Plain towards winter, Sci. Rep., 10, 1-9,
https://doi.org/10.1038/s41598-020-62710-8, 2020.
Omar, A. H., Winker, D. M., Kittaka, C., Vaughan, M. A, Liu, Z., Hu, Y., Trepte, C. R., Rogers, R. R., Ferrare, R. A., Lee,
K. P., Kuehn, R. E., and Hostetler, C. A.: The CALIPSO automated aerosol classification and lidar ratio selection algorithm,
J. Atmos. Ocean. Technol., 26, 19942014, https://doi.org/10.1175/2009JTECHA1231.1, 2009.
P Raj, S. and Sinha, P. R.: sampr7/AeroMix: v1.0.1, https://doi.org/10.5281/zenod0.10552079, January 2024a.
P Raj, S. and Sinha, P. R.: Codes for recreating the results presented in 'AeroMix v1.0.1: a Python package for modeling
aerosol optical properties and mixing states'., https://doi.org/10.5281/zenodo.12625421, January 2024b.
Prijith, S. S., Suresh Babu, S., Lakshmi, N. B., Satheesh, S. K., and Krishna Moorthy, K.: Meridional gradients in aerosol
vertical distribution over Indian Mainland: Observations and model simulations, Atmos. Environ., 125, 337-345,
https://doi.org/10.1016/J. ATMOSENV.2015.10.066, 2016.

34



685

690

695

700

705

710

Ram, K., Sarin, M. M., and Tripathi, S. N.: A 1 year record of carbonaceous aerosols from an urban site in the Indo-Gangetic
Plain:  Characterization,  sources, and  temporal variability, J.  Geophys. Res.  Atmos., 115,
https://doi.org/10.1029/2010JD014188, 2010a.
Ram, K., Sarin, M. M., and Hegde, P.: Long-term record of aerosol optical properties and chemical compaosition from a high-
altitude site (Manora Peak) in Central Himalaya, Atmos. Chem. Phys., 10, 11791-11803, https://doi.org/10.5194/acp-10-
11791-2010, 2010b.
Ramachandran, S. and Jayaraman, A.: Premonsoon aerosol mass loadings and size distributions over the Arabian Sea and the
tropical Indian Ocean, J. Geophys. Res. Atmos., 107, AAC 1-1-AAC 1-21, https://doi.org/10.1029/2002JD002386, 2002.
Ramachandran, S. and Srivastava, R.: Mixing states of aerosols over four environmentally distinct atmospheric regimes in
Asia: coastal, urban, and industrial locations influenced by dust, Environ. Sci. Pollut. Res., 23, 11109-11128,
https://doi.org/10.1007/s11356-016-6254-8, 2016.
Riemer, N., Ault, A. P., West, M., Craig, R. L., and Curtis, J. H.: Aerosol Mixing State: Measurements, Modeling, and Impacts,
Rev. Geophys., 57, 187-249, https://doi.org/10.1029/2018RG000615, 2019.
Russo, F., Whiteman, D. N., Demoz, B., and Hoff, R. M.: Validation of the Raman lidar algorithm for quantifying aerosol
extinction, Appl. Opt., 45, 7073-7088, https://doi.org/10.1364/A0.45.007073, 2006.
Shamjad, P. M., Tripathi, S. N., Thamban, N. M., and Vreeland, H.: Refractive index and absorption attribution of highly
absorbing brown carbon aerosols from an urban Indian city-Kanpur, Sci. Rep., 6, 1-7, https://doi.org/10.1038/srep37735, 2016.
Shettle, E. P., Fenn, R. W., and U.S. Air Force Geophysics Laboratory: Models for the Aerosols of the Lower Atmosphere and
the Effects of Humidity Variations on Their Optical Properties, (ERP 676,), Air Force Geophysics Laboratory, Hanscom AFB,
Massachusetts, 94 pp., www.worldcat.org/title/327915276, 1979.
Sinha, P. R., Manchanda, R. K., Subbarao, J. V., Dumka, U. C., Sreenivasan, S., Suresh Babu, S., and Krishna Moorthy, K.:
Spatial distribution and vertical structure of the MABL aerosols over Bay of Bengal during winter: Results from W-ICARB
experiment, J. Atmos. Solar-Terrestrial Phys., 73, 430-438, https://doi.org/10.1016/j.jastp.2010.10.011, 2011a.
Sinha, P. R., Manchanda, R. K., Kaskaoutis, D. G., Sreenivasan, S., Krishna Moorthy, K., and Suresh Babu, S.: Spatial
heterogeneities in aerosol size distribution over Bay of Bengal during Winter-ICARB Experiment, Atmos. Environ., 45, 4695—
4706, https://doi.org/10.1016/J. ATMOSENV.2011.04.085, 2011b.
Sinha, P. R., Manchanda, R. K., Kaskaoutis, D. G., Kumar, Y. B., and Sreenivasan, S.: Seasonal variation of surface and
vertical profile of aerosol properties over a tropical urban station hyderabad, India, J. Geophys. Res. Atmos., 118, 749-768,
https://doi.org/10.1029/2012JD018039, 2013.
Smirnov, A., Holben, B. N., Eck, T. F., Dubovik, O., and Slutsker, I.: Cloud-Screening and Quality Control Algorithms for
the AERONET Database, Remote Sens. Environ., 73, 337-349, https://doi.org/10.1016/S0034-4257(00)00109-7, 2000.
Smirnov, A., Holben, B. N., Slutsker, 1., Giles, D. M., McClain, C. R., Eck, T. F., Sakerin, S. M., Macke, A., Croot, P., Zibordi,
G., Quinn, P. K., Sciare, J., Kinne, S., Harvcy, M., Smyth, T. J., Piketh, S., Zielinski, T., Proshutinsky, A., Goes, J. I., Nelson,
N. B., Larouche, P., Radionov, V. F., Goloub, P., Krishna Moorthy, K., Matarrese, R., Robertson, E. J., and Jourdin, F.:
35



715

720

725

730

735

740

745

Maritime Aerosol Network as a component of Aerosol Robotic Network, J. Geophys. Res. Atmos., 114, 6204,
https://doi.org/10.1029/2008JD011257, 2009.
Sofiev, M., Vankevich, R., Ermakova, T., and Hakkarainen, J.: Global mapping of maximum emission heights and resulting
vertical profiles of wildfire emissions, Atmos. Chem. Phys., 13, 7039-7052, https://doi.org/10.5194/ACP-13-7039-2013,
2013.
Srinivas, B., Kumar, A., Sarin, M. M., and Sudheer, A. K.: Impact of continental outflow on chemistry of atmospheric aerosols
over tropical Bay of Bengal, Atmos. Chem. Phys. Discuss., 11, 20667-20711, https://doi.org/10.5194/acpd-11-20667-2011,
2011.
Srivastava, P., Dey, S., Srivastava, A. K., Singh, S., and Tiwari, S.: Most probable mixing state of aerosols in Delhi NCR,
northern India, Atmos. Res., 200, 88-96, https://doi.org/10.1016/j.atmosres.2017.09.018, 2018.
Srivastava, R. and Ramachandran, S.: The mixing state of aerosols over the Indo-Gangetic Plain and its impact on radiative
forcing, Q. J. R. Meteorol. Soc., 139, 137-151, https://doi.org/10.1002/9j.1958, 2013.
Srivastava, R., Ramachandran, S., and Rajesh, T. A.: Aerosol mixing over an urban region: radiative effects, Q. J. R. Meteorol.
Soc., 142, 1732-1744, https://doi.org/10.1002/qj.2769, 2016.
Stevens, R. and Dastoor, A.: A Review of the Representation of Aerosol Mixing State in Atmospheric Models, Atmosphere.,
10, 168, https://doi.org/10.3390/atmos10040168, 2019.
Subrahamanyam, D. B., Anurose, T. J., Kumar, N. V. P. K., Mohan, M., Kunhikrishnan, P. K., John, S. R., Prijith, S. S., and
Dutt, C. B. S.: Spatial and temporal variabilities in vertical structure of the Marine Atmospheric Boundary Layer over Bay of
Bengal during Winter Phase of Integrated Campaign for Aerosols, gases and Radiation Budget, Atmos. Res., 107, 178-185,
https://doi.org/10.1016/j.atmosres.2011.12.014, 2012.
Sumlin, B. J., Heinson, W. R., and Chakrabarty, R. K.: Retrieving the aerosol complex refractive index using PyMieScatt: A
Mie computational package with visualization capabilities, J. Quant. Spectrosc. Radiat. Transf.,, 205, 127-134,
https://doi.org/10.1016/J.JQSRT.2017.10.012, 2018.
Tackett, J. L., Winker, D. M., Getzewich, B. J., Vaughan, M. A., Young, S. A., and Kar, J.: CALIPSO lidar level 3 aerosol
profile product: Version 3 algorithm design, Atmos. Meas. Tech., 11, 4129-4152, https://doi.org/10.5194/AMT-11-4129-
2018, 2018.
Taylor, S. R. and McLennan, S. M.: The continental crust, its composition and evolution : an examination of the geochemical
record preserved in  sedimentary  rocks,  Blackwell Scientific ~ Publications, Oxford ; Melbourne,
https://worldcat.org/title/59256950, 1985.Thamban, N. M., Tripathi, S. N., Moosakutty, S. P., Kuntamukkala, P., and
Kanawade, V. P.: Internally mixed black carbon in the Indo-Gangetic Plain and its effect on absorption enhancement, Atmos.
Res., 197, 211-223, https://doi.org/10.1016/j.atmosres.2017.07.007, 2017.
Tiwari, S., Pipal, A. S., Hopke, P. K., Bisht, D. S., Srivastava, A. K., Tiwari, S., Saxena, P. N., Khan, A. H., and Pervez, S.:
Study of the carbonaceous aerosol and morphological analysis of fine particles along with their mixing state in Delhi, India:
A case study, Environ. Sci. Pollut. Res., 22, 1074410757, https://doi.org/10.1007/s11356-015-4272-6, 2015.

36



750

755

760

Waterman, P. C.: Symmetry, Unitarity, and Geometry in Electromagnetic Scattering, Phys. Rev. D, 3, 825,
https://doi.org/10.1103/PhysRevD.3.825, 1971.

Welton, E. J., Campbell, J. R., Spinhirne, J. D., and 11, V. S. S.: Global monitoring of clouds and aerosols using a network of
micropulse lidar systems, in: Lidar Remote Sensing for Industry and Environment Monitoring, 151-158,
https://doi.org/10.1117/12.417040, 2001.

Winker, D. M., Tackett, J. L., Getzewich, B. J., Liu, Z., Vaughan, M. A., and Rogers, R. R.: The global 3-D distribution of
tropospheric aerosols as characterized by CALIOP, Atmos. Chem. Phys., 13, 3345-3361, https://doi.org/10.5194/ACP-13-
3345-2013, 2013.

Ye, Q., Gu, P., Li, H. Z., Robinson, E. S., Lipsky, E., Kaltsonoudis, C., Lee, A. K. Y., Apte, J. S., Robinson, A. L., Sullivan,
R. C., Presto, A. A., and Donahue, N. M.: Spatial Variability of Sources and Mixing State of Atmospheric Particles in a
Metropolitan Area, Environ. Sci. Technol., 52, 6807-6815, https://doi.org/10.1021/acs.est.8b01011, 2018.

37



