Complex interplay between organic and secondary inorganic
aerosols with ambient relative humidity implicates the aerosol
liquid water content over India during wintertime

Amar Krishna Gopinath!, Subha S Raj!, Snehitha Kommula!, Christi Jose!, Upasana
Panda?, Yukti Bhishambu!, Narendra Ojha3, Ravikrishna R!, Pengfei Liu*, and Sachin S
Gunthe®

Tndian Institute of Technology Madras

2CSIR Institute of Minerals and Materials Technology

3Physical Research Laboratory (PRL)

4School of Earth and Atmospheric Sciences, Georgia Institute of Technology
’Environmental and Water Resources Engineering Division, Department of Civil
Engineering, Indian Institute of Technology Madras, Chennai 600036, India.

November 22, 2022

Abstract

Aerosol Liquid Water Content (ALWC), a ubiquitous component of atmospheric aerosols, contributes to total aerosol mass
burden, modulating atmospheric chemistry through aerosol surface reactions and reducing atmospheric visibility. However, the
complex dependency of ALWC on aerosol chemistry and relative humidity (RH) in the Indian region remains poorly character-
ized. Here, we combine available measurements of aerosol chemical composition with thermodynamic model ISORROPIA2.1
to reveal a comprehensive picture of ALWC in fine mode aerosols during the winter season in the Indian region. The fac-tors
modulating ALWC are primarily dependent on the RH, such that the effect of aerosol dry mass and hygroscopicity are signifi-
cant at high RH while the effect of hygroscopicity loses its significance as RH is lowered. ALWC, depending upon the particle
hygroscopicity, displays a sharp non-linear rise beyond a critical value of ambient RH. Further analysis coupling WRF-Chem
simulation with ISORROPIA2.1 revealed significant spatial heterogeneity in ALWC over India, strongly associating with re-
gions of high aerosol loading and RH. The Indo-Gangetic Plain is consequently observed to be a hotspot of higher ALWC,
which explains the prevalent conditions of haze and smog during winter in the region. Our findings re-emphasize that high
aerosol mass resulting from intense pollution is vital in modulating aerosol-climate interaction under favorable meteorological
conditions. They suggest the need for pollution control strategies to be directed at the reduction in emissions of specific species

like NH3 and NOx, which were observed to contribute to the enhancement of PM and ALWC during wintertime in the region.
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visibility improvement in the Indo-Gangetic Plain.
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Abstract

Aerosol Liquid Water Content (ALWC), a ubiquitous component of atmospheric aerosols,
contributes to total aerosol mass burden, modulating atmospheric chemistry through aerosol
surface reactions and reducing atmospheric visibility. However, the complex dependency
of ALWC on aerosol chemistry and relative humidity (RH) in the Indian region remains
poorly characterized. Here, we combine available measurements of aerosol chemical com-
position with thermodynamic model ISORROPIA2.1 to reveal a comprehensive picture

of ALWC in fine mode aerosols during the winter season in the Indian region. The fac-
tors modulating ALWC are primarily dependent on the RH, such that the effect of aerosol
dry mass and hygroscopicity are significant at high RH while the effect of hygroscopic-

ity loses its significance as RH is lowered. ALWC, depending upon the particle hygro-
scopicity, displays a sharp non-linear rise beyond a critical value of ambient RH. Fur-

ther analysis coupling WRF-Chem simulation with ISORROPIA2.1 revealed significant
spatial heterogeneity in ALWC over India, strongly associating with regions of high aerosol
loading and RH. The Indo-Gangetic Plain is consequently observed to be a hotspot of
higher ALWC, which explains the prevalent conditions of haze and smog during winter

in the region. Our findings re-emphasize that high aerosol mass resulting from intense
pollution is vital in modulating aerosol—climate interaction under favourable meteoro-
logical conditions. They suggest the need for pollution control strategies to be directed

at the reduction in emissions of specific species like NHz and NO,,, which were observed
to contribute to the enhancement of PM and ALWC during wintertime in the region.

Plain Language Summary

Water vapour condenses on particulates in the air (known as atmospheric aerosols)
due to the presence of chemical species with high water affinity. The condensed water,
referred to as Aerosol Liquid Water Content (ALWC), is primarily responsible for weather
conditions of low visibility like haze and smog, which have impacts on human health, and
economy. This study has calculated ALWC using existing measurement data of the chem-
ical composition of fine sized aerosols from literature, for contrasting and diverse envi-
ronments in India. The study has focused on the winter season marked by spike in pol-
lution levels and haze. Relative humidity, total particle concentration, and chemical com-
position were identified to play a significant role in influencing ALWC. The Indo-Gangetic
Plain has been identified to be a hotspot of high ALWC due to high pollution levels and
relative humidity particularly during winter season. The need for reduction of the lev-
els of NHj3 in the atmosphere originating from agricultural waste and NOj originating
from motor emissions are suggested, as the primary focus for the reduction of atmospheric
pollution and ALWC for improving visibility over the region.

1 Introduction

Aerosol Liquid Water Content (ALWC) is a significant component of atmospheric
aerosols that affects their size, lifetime, and chemical properties. The presence of ALWC
is primarily due to the absorption of water vapour by the chemical species that consti-
tute aerosols (Seinfeld & Pandis, 2016). Water uptake occurs drastically when aerosols
are subjected to ambient relative humidity (RH) greater than critical values known as
deliquescence RH (DRH) for single component particles and mutual deliquescence RH
(MDRH) for multicomponent particles (Wexler & Seinfeld, 1991; Zaveri et al., 2005). Upon
reduction of ambient RH below DRH or MDRH, aerosols may not, however, lose the con-
densed water to undergo phase transition into solid state. Experimental studies suggest
a hysteresis phenomenon wherein ALWC is observed to exist even when ambient RH is
much lower than the DRH or MDRH (Tang et al., 1995; Tang & Fung, 1997). Such a
metastable state has been observed in ambient aerosols in various field studies (Rood
et al., 1987, 1989). This observation not only suggests the ubiquity of ALWC, but also
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signifies its effect on physical and chemical properties of aerosols for a wide range of RH.
High ambient RH facilitates the growth of aerosols by water uptake, leading to enhanced
surface area for heterogeneous reactions, higher aqueous phase reaction rates and up-

take coefficients of trace acidic gases (Hennigan et al., 2008; Cheng et al., 2016; Faust

et al., 2017; Song et al., 2019; Y. Wang et al., 2020; Kommula et al., 2021). Therefore,
ALWC serves as a medium for chemical reactions, especially at high RH. The subsequent
secondary formation of highly hygroscopic species leads to further water uptake, caus-

ing a positive feedback effect on the formation of aerosols (Huang et al., 2014; G. Wang

et al., 2016; Cheng et al., 2016; Z. Wu et al., 2018). ALWC may also modulate the aerosol
pH and possibly affect atmospheric chemistry under conditions of strong ammonia emis-
sions (Zheng et al., 2020). ALWC substantially modifies the optical properties of aerosols
by increasing their extinction coefficient, consequently enhancing the Aerosol Optical Depth
(AOD) (Dougle et al., 1996; Sequeira & Lai, 1998). Moreover, high ALWC leads to poor
visibility in the form of haze and smog over highly polluted locations (Dall’Osto et al.,
2009; Chen et al., 2012; Gunthe et al., 2021). These effects ultimately modify the plan-
etary albedo and radiative forcing, thereby perturbing the Earth’s energy balance (Dougle
et al., 1996; Adams et al., 2001; Liao & Seinfeld, 2005).

The water uptake by aerosols mainly depends on the particulate mass burden, aerosol
number concentration, size distribution, composition of gas and aerosol phase, RH, and
temperature (Petters & Kreidenweis, 2007; Bian et al., 2014; Nguyen et al., 2016; Kuang
et al., 2018). The gradient of water activity between aerosol particles and their surround-
ings is the major driving force for ALWC and hence, ambient RH being a proxy for the
activity of water vapour in the atmosphere under sub-saturated conditions is a signif-
icant parameter (Seinfeld & Pandis, 2016). Hence, higher the RH level in the atmosphere,
greater is the driving force for water uptake by aerosols (P. F. Liu et al., 2011; Bian et
al., 2014; Z. Wu et al., 2018; Shen et al., 2019). Aerosol hygroscopicity, a measure of the
water affinity of aerosol particles, is primarily a function of chemical composition in the
particulate phase. The composition of atmospheric aerosols is, however, complex, rang-
ing from inorganic species of high hygroscopicity to insoluble soot and a myriad of or-
ganic products, leading to varying levels of particle hygroscopicity in diverse environments.
At high RH and low temperature, secondary formation of aerosols and their growth through
heterogeneous gas to particle reactions are favoured, which may considerably alter the
particulate chemical composition (Y. Wang et al., 2020; Cheng et al., 2016; Faust et al.,
2017; P. F. Liu et al., 2011; Kommula et al., 2021). Chemical composition also varies
with the size of aerosols, further adding to the complexity of aerosol hygroscopicity (Deshmukh
et al., 2016; Boreddy et al., 2021; S. Kumar et al., 2018).

Real time measurement of ALWC in ambient aerosols has not been feasible yet due
to technical limitations (Kuang et al., 2018). Hence, ALWC is generally measured in-
directly by experimental techniques which usually involve the measurement of the dif-
ference in volume of aerosols at low and high RH. The difference is then used to calcu-
late the aerosol growth factor (GF) (Bian et al., 2014; Fajardo et al., 2016; Kuang et al.,
2018; Jin et al., 2020). A more common method is the estimation of ALWC using ther-
modynamic models, based on the assumption of thermodynamic equilibrium within the
particle phase and between the particle and surrounding gaseous phases. Numerous mod-
els based on thermodynamic equilibrium have been reported in literature including EQUIL,
MARS, AIM, SCAPE, EQUISOLV, ISORROPIA etc. (Bassett & Seinfeld, 1983; P. Sax-
ena et al., 1986; Wexler & Seinfeld, 1991; Kim et al., 1993; Jacobson et al., 1996; Nenes
et al., 1998; Wexler & Clegg, 2002), which mostly consider the aerosol chemistry per-
taining to the inorganic species only. Nguyen et al. (2016) estimated ALWC using the
model ISORROPIA2.1 based on AMS chemical composition measurements from vari-
ous locations around the world, providing a good overview of the prevalence of ALWC.
The study had not, however, examined the diverse and contrasting environments in the
Indian region. Model estimates of ALWC have shown appreciable correlation to mea-
sured values in numerous closure studies (Bian et al., 2014; Fajardo et al., 2016; Kuang
et al., 2018; Shen et al., 2019; Jin et al., 2020). Combining observations from experimen-
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tal and modelling data, hygroscopicity of individual inorganic and organic compounds
have also been parameterized in various studies (H. J. Liu et al., 2014; Petters & Krei-
denweis, 2007).

The Indian region continues to experience severe air pollution, with many of its cities
among the most polluted areas in the world (D. Ghosh & Parida, 2015). Modelling stud-
ies have identified an increasing trend in the aerosol loading across the Indian region with
significant seasonal variability (Krishna Moorthy et al., 2013; Babu et al., 2013). Such
high aerosol loading has been associated with severe health consequences such as respiratory-
cardiovascular diseases and premature mortality (Lelieveld et al., 2015; Conibear et al.,
2018; David et al., 2019; Guttikunda & Goel, 2013; Balakrishnan et al., 2018; Pandey
et al., 2021). Moreover, poor visibility caused by the consequent haze and smog has had
economic implications in the region by disturbing surface-air transport and day to day
activities (Kulkarni et al., 2019). Although numerous studies have measured fine mode
particulate matter and their chemical composition using online and offline techniques
to address their air quality and public health impacts (Rastogi et al., 2016; Deshmukh
et al., 2016; Rengarajan et al., 2011; S. Kumar et al., 2018; A. Kumar & Sarin, 2010; Agar-
wal et al., 2020; Jain et al., 2021; Gani et al., 2019; Thamban et al., 2019; Mukherjee et
al., 2018; Kompalli et al., 2020; Ajith et al., 2022; Gunthe et al., 2021; Kommula et al.,
2021), fewer studies have focused on the analysis of ALWC in this region (Boreddy et
al., 2021; Satsangi et al., 2021; Kommula et al., 2021; Acharja et al., 2022). The win-
ter season, particularly over the continental part of India, is marked by high atmospheric
stability due to weak winds and temperature inversion, leading to poor dispersion of pol-
luted air masses (Satsangi et al., 2021; Rastogi et al., 2016; M. Saxena et al., 2017; S. Raj
et al., 2021). Studies have observed pronounced diurnal variations of RH and temper-
ature during winter which causes strong radiative thermal inversions resulting in a shal-
low nocturnal planetary boundary layer (PBL) (S. Raj et al., 2021; Arun et al., 2018;
Murthy et al., 2020). The stagnation and accumulation of aerosol emissions complemented
by such favourable meteorological conditions enhance secondary aerosol mass, further
aggravating the aerosol loading (Rastogi et al., 2016; Satsangi et al., 2021). Secondary
aerosol formation results from the oxidation reaction of acidic gases SOz, NO, and HCI
with NHj3 emissions, leading to the nucleation and growth of highly hygroscopic inor-
ganic species and also by nucleation and condensation of organic aerosols from the at-
mospheric oxidation of volatile organic compounds (VOC) (Satsangi et al., 2021; Desh-
mukh et al., 2016; Singh & Kulshrestha, 2012). These atmospheric processes consequen-
tially lead to widespread occurrences of haze and smog, especially in the Indo Gangetic
Plain (IGP) region (Kumari et al., 2021; Satsangi et al., 2021; Gunthe et al., 2021; Ram
& Sarin, 2011).

Thus, measurement of particulate matter and their chemical characterisation needs
to be complemented by an adequate understanding of the characteristics of ALWC at
varied conditions of RH. In this work, a comprehensive analysis is performed to under-
stand the dependence of the water uptake and hygroscopic characteristics of atmospheric
aerosols on their concentration, chemical composition and ambient RH. ALWC is esti-
mated from chemical composition measurements of fine mode aerosols from ten diverse
locations in India using thermodynamic modelling, focusing on the winter season. The
data under consideration is characterised by different measurement techniques, measure-
ment periods and environmental conditions and has been subsequently analysed with the
necessary caution. The analysis is expected to provide a general and broad understand-
ing of the factors governing ALWC over the Indian region, a key knowledge gap that is
being addressed through this study.



176 2 Methodology

177 2.1 Analysis of chemical composition data and other considerations

178 To derive the distribution of aerosol liquid water content (ALWC) across India dur-
179 ing wintertime, the average chemical composition of ambient aerosols at different loca-
180 tions was documented from various field campaign data reported in literature. Since the
181 present study focuses only on the fine mode ambient aerosols, the chemical composition
162 data of PM; o aerosols measured using spectrometric techniques as well as that of PMs 5
183 aerosols measured using filter based techniques were collected. The spectrometric meth-
184 ods used to measure PM; o include the Aerosol Mass Spectrometer (AMS) and Aerosol
185 Chemical Speciation Monitor (ACSM). The measured data consists of mass concentra-
186 tions of inorganic ions - sulphate (SO3™), nitrate (NOj ), ammonium (NH ), chloride

187 (C17), and organic matter. These instruments do not measure the concentration of re-
188 fractory chemical species, which are mostly of sea salt or dust origin (Canagaratna et

189 al., 2007; Nuaaman et al., 2015; Schlag et al., 2016; Zhang et al., 2017). The locations
190 with ACSM/AMS based aerosol chemical composition data considered in this analysis

101 include New Delhi (Gani et al., 2019), Kanpur (Thamban et al., 2019), Chennai (Kommula
192 et al., 2021), Mahabaleshwar (Mukherjee et al., 2018), Bhubhaneshwar (Kompalli et al.,
103 2020), and Thiruvananthapuram (Ajith et al., 2022). These locations not only represent

104 diverse environmental conditions but also those which are meteorologically distinct even
105 during the same seasons.

196 The filter based data set comprises of the mass concentration of only inorganic ions-
107 sulphate (SO37), nitrate (NO3 ), ammonium (NH] ), chloride (C1~), sodium (Na™t), cal-
108 cium (Ca?T), magnesium (Mg?*) and potassium (K*). Organic matter may be estimated
199 from available filter-based Organic Carbon (OC) measurements. Though, the chemical

200 composition measurements are generally in terms of ionic concentrations, the chemical

201 species in the aerosols are generally found to be salt species with associations between

202 the cations and anions. While the anionic species measured by the filter method may

203 be associated with any of the cationic species, the anionic species measured by ACSM/AMS
204 are associated only with NHJ . This is because ACSM and AMS are only sensitive to non
205 refractory salts like (NH4)2SO4, NH4NO3 and NH4Cl (among inorganic salts), which are
206 ionisable at 600°C- the temperature of the in-built vaporiser used in the instruments (Canagaratna
207 et al., 2007; Nuaaman et al., 2015). Tonic balance between cations and anions may be

208 ideally used to separate the anionic species associated with only NH; in the filter data,

200 so as to ensure compatibility with the ACSM/AMS data set. The ion pairing scheme by
210 Gysel et al. (2007) is a commonly used method for ion balance but it is limited to only

2 NHJ, SO7~ and NOj ions. Alastuey et al. (2005)and Mirante et al. (2014) have sug-

212 gested a comprehensive ion balance methodology incorporating all other major ionic species
213 also. However, considerable uncertainty is associated with the concentration of certain

214 ionic species in the present data as the ion balance may not be sufficiently accurate to

215 be generalised for the diverse environmental conditions under consideration. For exam-

216 ple, C1~ depletion at marine locations results in uncertainty regarding the sea salt ori-

217 gin of the measured C1~ (Sarin et al., 2011; Kaushik et al., 2021). In the case of ther-

218 modynamic models, ion balance performed within the models are based on the assump-

219 tion that the aerosols are internally mixed (Fountoukis & Nenes, 2007) while in reality,

220 ambient aerosols may be externally mixed from different sources. Hence, these models

221 may not accurately predict the cation-anion associations among ions of diverse origins

222 like sea salt spray, dust re-suspension or emissions from combustion of fuels. For instance,
223 thermodynamic models have predicted CaSQOy4 in the aerosol, based on filter measure-

224 ments of chemical composition at locations with high concentration of Ca?* (Lin et al.,

25 2013, 2014; Tao et al., 2014). Prediction of insoluble CaSO,4 may be inconsistent with

226 the fact that the measured ionic species used as input to the models were water solu-

207 ble, due to the nature of the filter technique used. Hence, predictions based on filter based
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data by aerosol chemistry models require caution, especially when the measured aerosols
are known to be externally mixed.

Thus, owing to the limitations mentioned above, in this study, only those locations
have been chosen where the cationic composition is NH; dominant, so that it is conclu-
sive that the measured anions are dominantly associated with NH; . Based on this as-
sumption, only SOi_, NO3, NHZ and Cl~ concentrations were considered from the fil-
ter data set to have the uniform comparison with ACSM/AMS data set. Field studies
have reported the dominance of these ionic species in fine mode aerosols during winter-
time in the Indian region, compared to summer and monsoon (M. Sharma et al., 2007;
Rastogi et al., 2016; Agarwal et al., 2020). These species are mainly dominated by sec-
ondary particle formation from their precursor gases, enabled by high ambient RH, low
temperature and atmospheric stability during wintertime (Singh & Kulshrestha, 2012;

M. Saxena et al., 2017; Ram et al., 2010; Stockwell et al., 2000; Chutia et al., 2019). Stud-
ies have reported NHJ to be the most dominant cation to correlate with the anionic species
during the winter season (Rengarajan et al., 2011; Rastogi et al., 2016; Deshmukh et al.,
2016; Agarwal et al., 2020). Furthermore, the Indian region generally experiences winds
from continental locations during wintertime (Deshmukh et al., 2016; P. Kumar & Ya-

dav, 2016; S. Kumar et al., 2018; Agarwal et al., 2020; A. Kumar et al., 2020; A. Ghosh

et al., 2021; Jain et al., 2021), enriched in precursor gases which are the products of crop
residue burning and industrial emissions (Deshmukh et al., 2016; Rastogi et al., 2016;
Agarwal et al., 2020). Pollutant enriched atmosphere complemented by favourable me-
teorological conditions have been observed to result in high loading of secondary species

in the region during winter (Ojha et al., 2020). These reasons explain the observed dom-
inance of NH in the chemical composition and enable us to exclude other cations from

the analysis without significant loss of accuracy of the nominal prediction of ALWC. Coastal
locations with filter data were also excluded, where effects like chloride depletion are promi-
nent. For continental locations which are being considered in this study, winds from the
coasts are dominant only during the monsoon season (P. Kumar & Yadav, 2016; A. Ku-
mar et al., 2020), thus implying minimal influence of sea salt aerosols in these regions
during winter. For a quantitative representation of the assumptions, the dominance of
NH; was expressed in terms of the fraction of NH, among cations on equivalent mo-

lar basis, which essentially represents the contribution of NHI relative to all cations in
neutralising the anions. Only those locations with fraction greater than 0.7 were cho-

sen for the analysis, as shown in Table S1. The molar ratio NH; /SO~ > 1.5 has also

been used to infer complete neutralisation of SO3~ by NH; as described in various stud-
ies (Agarwal et al., 2020; Satsangi et al., 2021; Pathak et al., 2009) and has been calcu-
lated and tabulated in Table S1 for the data under consideration.

Apart from these species, the concentration of potassium (K) is also listed from
the filter data for additional analyses. The locations where filter based data are avail-
able include Patiala (Rastogi et al., 2016), Ahmedabad (Rengarajan et al., 2011), Bhopal
(S. Kumar & Raman, 2016; Samiksha et al., 2021) and Amritsar (S. Kumar et al., 2018).
Few locations with data on only inorganic ion concentrations and no OC (organic car-
bon) concentration, such as Mount Abu (A. Kumar & Sarin, 2010), Sikandarpur (Agarwal
et al., 2020) and Patna (A. Kumar et al., 2020) are also included for additional analy-
ses. The collected chemical composition data for the winter months is averaged over the
respective campaign periods and shown in Table S1. Since the ACSM/AMS and filter
based data correspond to different aerosol size ranges (PM; o and PMjy 5 respectively),
the data sets would be separately analysed without any inter-comparison for the scope
of uniformity.

The lack of organics concentration in the filter based data needed to be compen-
sated since organics have a significant influence on the overall hygroscopicity of ambi-
ent aerosols. Organic matter could be significantly composed of water soluble species,
which are generally labelled as water soluble organic carbon (WSOC), formed from ox-
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idation of VOCs or ageing of primary organic aerosol emissions (Faust et al., 2017). WSOC
ratio has been reported to be high in the IGP region in India (Ram et al., 2010). In fact,
earlier studies have estimated significantly high hygroscopicity for organic matter, which
meant that they could have an enhancing effect on the overall water uptake character-
istics of ambient aerosols (Cruz & Pandis, 2000; Jin et al., 2020; Fajardo et al., 2016; En-
gelhart et al., 2011). Studies have also shown that water contributed by organic mat-

ter could be significant as an enabler for secondary aerosol formation reactions (Jin et
al., 2020). Thus, in this study, Organic Matter (OM) was estimated for the filter based
locations using the Organic Carbon (OC) data by multiplying a mass conversion factor
to the OC mass concentration as suggested in literature (Patel & Rastogi, 2018; Ras-
togi et al., 2016).

Organic Matter = Mass factor x Organic Carbon (1)

Mass conversion factor is the ratio of an estimated molecular weight of OM to the
molecular weight of carbon and is determined based on the type of location. A mass con-
version factor of 1.6 and 1.9 is recommended in literature for urban and aged aerosols
respectively (Turpin & Lim, 2001).

2.2 Thermodynamic modelling of ALWC

The ALWC prediction for all locations was determined using the thermodynamic
model ISORROPIA2.1 based on the average aerosol chemical composition, RH, and tem-
perature. The model considers only inorganic species (SO3~, NO3, NHJ, C1—, Na*t, Ca?*,
Mg?* and K¥) in its calculations and does not account for presence of any organic mat-
ter (Fountoukis & Nenes, 2007) in the aerosols. ISORROPIA2.1 exhibits rapid and ro-
bust convergence, with excellent performance with regard to computational speed, which
makes it extremely suitable for incorporation into large-scale atmospheric transport and
air quality models (Fountoukis & Nenes, 2007). Closure studies show that ALWC pre-
dictions made by ISORROPIA have agreed with growth factor based measurements for
RH>60% (Bian et al., 2014; Tan et al., 2017; Jin et al., 2020). Reported discrepancies
were assumed to occur due to various reasons including the difficulty to model highly
non ideal behaviour of concentrated aqueous phase of the aerosol at low RH (Wexler &
Clegg, 2002) and lower number of species under consideration in the model, which could
lead to errors in the estimated MDRH points (Bian et al., 2014).

Since the measured data consists of only particle phase concentrations and no gaseous
phase concentrations, the analysis was performed in the reverse mode of ISORROPIA.
The reverse mode assumes the total particle phase concentration as the basis for the model
to predict the equilibrium gaseous phase concentrations based on gas-particle partition-
ing and distribution of chemical species in the solid and liquid phases within the par-
ticle. Calculations were performed in the metastable mode of ISORROPIA2.1. Obser-
vations on the phase state of ambient atmospheric aerosols have indicated the dominance
of the metastable state, wherein the aerosols are expected to coexist in liquid state be-
low their mutual deliquescence point (Rood et al., 1989; Tang et al., 1995; Tang & Fung,
1997). Aerosols have been observed to display hysteresis with respect to their phase state,
in which water uptake occurs at DRH/MDRH and the transition back to a dry state oc-
curs at a significantly lower critical RH known as the Efflorescence Relative Humidity
(ERH) (Rood et al., 1987). Thus, observations of metastable state may be explained by
the strong diurnal cycling of RH in the atmosphere (Shrestha et al., 2013).

ISORROPIA does not consider the aerosol curvature effects described by the Kelvin
effect to be significant in its calculations (Nenes et al., 1998). The ambient vapour pres-
sure of water is also considered to be unaffected by water uptake by the aerosols and hence,
the water activity in any phase, under the assumptions of phase equilibrium between all
three phases, is assumed to be the RH of ambient air, expressed on a scale ranging from
0.0 to 1.0.
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(aw) = RH (2)

ISORROPIA calculates ALWC using the Zdanovskii Stokes Robinson (ZSR) cor-
relation (Stokes & Robinson, 1966),

M;

Mo; (aw)

W=y (3)

where W is the mass concentration of the water taken up by the aerosol (kg m~3
air), M; is the molar concentration of the i electrolyte (mol m~2 air), and m,;(a) is the
molality of an aqueous binary solution of the i** electrolyte with the same activity a,

as in the multicomponent solution. The ZSR rule describes the water uptake of inter-
nally mixed particles as the sum of the water uptake by the constituent chemical com-
pounds.

The nature of organic species is generally complex that they may contribute pos-
itively or negatively to the aerosol hygroscopicity based on it’s chemical composition (P. Sax-
ena et al., 1995; Cruz & Pandis, 2000). Despite this uncertainty, the contribution of or-
ganics to the ALWC was estimated by applying the x-Kohler theory (Petters & Krei-
denweis, 2007) with the ZSR mixing rule,

oy
Vw,org = Vd,org Rorg ﬁ (4)
- W

where Vo, org is the ALWC corresponding to the organics, Vg org is the volume of
the organics and ko4 is the hygroscopicity parameter corresponding to the organics and
a, is the water activity, which is assumed to be equal to the RH. Vg4 .4 is calculated by
dividing the organic mass concentration by an assumed organic density of 1.4 g/cm?® (Turpin
& Lim, 2001; Jin et al., 2020). As discussed earlier, organic matter may have significant
hygroscopicity as in the case of WSOC, for which x was observed to be as high as 0.3
in several studies (Lambe et al., 2011; Massoli et al., 2010). Since WSOC has not been
quantified for all locations under consideration in the respective measurement data, a
nominal value of k.4 was assumed as recommended from literature, based on the type
of location. Kerq was assumed to be 0.08 and 0.13 for urban and rural locations, respec-
tively (Nguyen et al., 2016). The V,, ory thus calculated was added to the ALWC pre-
dicted by ISORROPIA for the inorganics to obtain the total volume of ALWC, V,,,.

2.3 Estimation of inorganic electrolytes

The ALWC predicted by the ZSR correlation (Equation 3) is based on the assump-
tion that the total water content is the sum of contribution of various individual chem-
ical compounds formed by the ionic species present in the aerosol, which has been val-
idated by previous studies (Petters et al., 2009; Z. J. Wu et al., 2013). It is interesting
to note that the correlation neglects any interactions occurring between these chemical
compounds within the bulk of the aerosol particle (Moore & Raymond, 2008).

In order to analyse the inorganic compounds contributing to the predicted ALWC,
the ion balance performed by ISORROPIA2.1 was determined by running the model in
dry mode (Almeida et al., 2019; Tao et al., 2021). ISORROPIA2.1 predicts the salt species
based on the relative concentration of NHI, Na™ and crustal ion concentrations, param-
eterised as sulphate, sodium and crustal ratios (Fountoukis & Nenes, 2007). The mass
concentration of salt species obtained from the model were used to calculate their indi-
vidual contribution to ALWC using the ZSR correlation. The water uptake of a partic-
ular salt is the ratio of its molar concentration and binary molality as shown in Equa-
tion 3. The binary molalities of individual salts were determined using parametric data
for the correlation between binary molality and activity obtained from literature (Fountoukis
& Nenes, 2007; Pilinis & Seinfeld, 1987). The water uptake per unit mass of individual
salt species were also calculated for a range of RH.



375 2.4 Estimation of hygroscopicity parameter

376 The hygroscopicity parameter x is a single parameter representation for the par-
377 ticle hygroscopicity, which is defined through its effect on the water activity of the so-
378 lution within the particle (Petters & Kreidenweis, 2007).

oo Ywl—aw (5)
Vd Gy

379 Vo is the total ALWC volume in the aerosols (the sum of the volume based inor-
380 ganic water content predicted by ISORROPIA2.1 and the estimated volume based or-
381 ganic water content), Vy is the total dry volume of species (the sum of volumes of the
382 organic and inorganic species), and a,, is the water activity assumed to be equal to the
383 RH values for the ambient condition. The dry volume of the inorganic mass was calcu-
384 lated by dividing the average inorganic mass concentration by an average value of in-
385 organic density 1.6 g/cm? (Lide, 2009) and the total volume of water contributed by in-
386 organics was calculated by dividing the mass concentration of ALWC predicted from the
387 model (considering only inorganics) by the density of water, 1 g/cm?.
388 The reverse mode calculation in ISORROPIA 2.1 is based on the assumption of
389 a fixed chemical composition of the aerosol phase, irrespective of the RH. However, in
390 the ambient, partitioning of chemical species between the gaseous and aerosol phases is
301 enhanced with increase in RH, leading to aerosol growth and secondary aerosol forma-
302 tion (Gunthe et al., 2021; M. Saxena et al., 2017). Gas to particle partitioning would al-
303 ter the chemical composition of the aerosol phase depending on the RH, and this indi-
304 cates a strong dependence of particle phase chemical composition on RH. Gas to par-
305 ticle partitioning is modelled in the forward mode of ISORROPIA2.1, where the total
396 species concentration consisting of both gaseous and aerosol phase is provided as input
307 to the model and the species are partitioned between both the phases based on the RH
308 and temperature. This calculation is not feasible in the present study due to lack of gas
399 phase measurements and hence, the reverse mode is used. Since the particle phase chem-
400 ical composition is assumed to be constant across all RH in reverse mode, x, which is
401 a function of chemical composition, could be calculated as a characteristic parameter for
102 a given location. k is thus estimated using Equation 5, by a fit between the V,,/V, ra-
403 tio and a,,, for a range of RH. The x associated with the inorganics was also fitted sep-

204 arately, using only the inorganic dry mass and corresponding ALWC predicted by the
405 model.

406 2.5 Estimation of ALWC combining WRF-Chem simulation with ISOR-
a07 ROPIA2.1

a08 Weather Research Forecasting (WRF) model coupled with Chemistry (WRF-Chem)
409 was used to simulate the chemical composition of NH] SO?[, NO3, and organics over
410 the Indian region. Important details about the WRF-Chem version, domain, resolution,
an boundary conditions, meteorological and chemical fields, and emission inventory used

a2 for the WRF-Chem simulations are discussed elsewhere (Chutia et al., 2019). Briefly,

a13 the WRF-Chem simulations were carried out using the 3.9.1.1. version of the model with
414 high spatial resolution of 12 km x 12 km for January 2011, using updated anthropogenic
415 emission inventory Emissions Database for Global Atmospheric Research- Hemispheric
a16 Transport of Air Pollution (EDGAR - HTAP). The model output has been rigorously

a7 validated against the comprehensive gas phase observational data set of volatile organic
a8 compounds (VOC) over the Indian region for the month of January 2011. Model results
410 over parts of India, particularly over the hot spots of anthropogenic emission, appeared
20 to have reproduced the observational data with good qualitative and quantitative agree-
21 ment (Chutia et al., 2019). We used the simulated NH;{7 SO?{, NOj, organic mass con-
o centrations and RH over the Indian region (Figure S6), which was further coupled with

3 ISORROPIA2.1 to derive the ALWC over the Indian region, with the same resolution
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a2 as that of the mass concentration of inorganic and organic compounds as that of WRF-
a5 Chem output.

Amritsar Patiala New Delhi Kanpur Bhopal
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Figure 1.

Average chemical composition of fine aerosols at locations over India during winter

based on ACSM/AMS (violet text) or filter-based (black text) measurements. The pie charts

represent the average fraction of different chemical species in the aerosols, at various measure-

ment locations indicated by the solid lines and square markers on the map. The basemap depicts
annual mean (year 2017) of AOD derived using Level 2 data from MODIS.
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3 Results and discussion
3.1 Overview of ALWC over the Indian region

Figure 1 shows the spatial distribution of the annual mean of Aerosol Optical Depth
(AOD) over the Indian region for the year 2017 using data from Moderate Resolution
Imaging Spectroradiometer (MODIS), as a nominal representation of the spatial distri-
bution of the aerosol loading over the Indian region. The Indo-Gangetic Plain (IGP),
spread from the state of Punjab in the west to West Bengal in the east, is a hot spot of
aerosol emissions, as evident from the figure. The AOD levels in the region are consis-
tently greater than 0.5, with hotspots at some locations with AOD >0.8. The high aerosol
loading in the IGP is attributed to dust transport, agricultural residue burning, solid biomass
burning for domestic cooking and heating, persistent waste burning, and fossil fuel com-
bustion from thermal power plants and vehicles (Ojha et al., 2020; Jat & Gurjar, 2021).
Modelling studies have further reported the widespread enhancement of fine particulate
matter across IGP especially during wintertime (Ojha et al., 2020). The average dry mass
composition consisting of the measured secondary species (inorganic and organic) is marked
in the figure as pie charts, using the data summarised in Table S2 for the correspond-
ing locations on the map. The species composition was averaged over the measurement
periods corresponding to the field studies carried out at respective locations, where the
composition of PM; ¢ was measured by online real-time Aerosol Mass Spectrometer(AMS)/
Aerosol Chemical Speciation Monitor (ACSM) (locations marked in violet text) and that
of PMs 5 derived from filter based measurements (locations marked in black text). The
pie charts evidently show chemical heterogeneity across the diverse environmental con-
ditions for each locations under consideration. The total dry aerosol mass of PM; ¢ and
PM, 5, determined as the sum of the mass concentrations of all measured species is also
marked for the corresponding to the locations. For PM; g, the total dry aerosol mass ranged
from the lowest value of 12.37 pug m™ at Mahabaleshwar- a pristine high-latitude loca-
tion in the Western Ghats, to the highest value of 406.4 pug m™ at Kanpur- a hot spot
of anthropogenic emissions in the IGP. The same for PMy 5 ranged from 43.46 ug m
at Ahmedabad, to the highest value of 135.79 ug m™ at Patiala, which is also located
in the IGP. The PM; o concentration in coastal locations is an order of magnitude lower
than that at the continental locations, which may be due to dispersion of polluted air
masses in the plain and favourable landscape, by air masses with higher wind speeds and
of marine origin.

The observed chemical heterogeneity needs to be discussed in terms of the varia-
tion of the percentage of ionic species across diverse environmental conditions. The per-
centage of SO?[ in the dry mass ranges from 8.21% in New Delhi to 33.41% in Chen-
nai in PM; o, and and from 8.46% in Amritsar to 26.35% in Bhopal in PMs 5. SO?[ is
generally formed through different mechanisms of oxidation from the precursor SOs gas
(A. Kumar & Sarin, 2010; Rengarajan et al., 2011; Deshmukh et al., 2016; Agarwal et
al., 2020), which is predominantly emitted by combustion of coal used in thermal power
plants (Rastogi et al., 2016; S. Kumar et al., 2018). The percentage of NO3 in the dry
mass ranges from 3.14% in Thiruvananthapuram to 17.52% in Kanpur in PM; o, and from
2.76% in Ahmedabad to 16.45% in Patiala in PMy 5. NOj is formed through gas to par-
ticle conversion of precursor NO, gases(Rengarajan et al., 2011; Deshmukh et al., 2016),
prominently emitted by fossil fuel combustion by automobiles (Rengarajan et al., 2011;
Deshmukh et al., 2016; Agarwal et al., 2020). The percentage of C1~ in the dry mass ranges
from 0.45% in Thiruvananthapuram to 11.8% in New Delhi in PM;j o, and and from 0.18%
in Ahmedabad to 2.87% in Patiala in PMy 5. Continental Cl~ is dominantly due to an-
thropogenic emissions from biomass burning, open waste burning (mainly of plastics like
PVC), and brick kilns, either as primary emission as particulates or secondary emission
in the form of HCI vapour.(Engling et al., 2009; S. Kumar et al., 2015; P. Kumar & Ya-
dav, 2016; Cao et al., 2016; Gunthe et al., 2021). Though Cl~ is naturally released as
sea salt formed by wave crashing in the oceans, sea salt Cl~ is not expected in the PMs 5
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data under consideration since the quantified C1™ is of continental nature. Nor is it ex-
pected in the PM; ¢ data under consideration in which the quantified Cl~ is of non re-
fractory nature. The percentage of NH] in the dry mass ranges from 6.42% in Thiru-
vananthapuram to 11.9% in Chennai in PM; g, and and from 7.36% in Ahmedabad to
12.19% in Patiala in PMs 5. NHI is mainly formed through gas to particle conversion

of NHj gas through its reaction with acid precursors like H,SO4, HNO3 and HCI to form
NHZr salts of SO?{, NOj and Cl~ (Finlayson-Pitts & Pitts, 2000; Singh & Kulshrestha,
2012; Deshmukh et al., 2016; S. K. Sharma et al., 2020). Thus, NHj is an important pre-
cursor for SOi_7 NOjz; and Cl~ formation in PMj 5 and hence acts as an important driver
for the formation of secondary inorganic aerosols in the fine mode (M. Sharma et al., 2007).
NHj is mainly emitted from decomposition of animal waste, fertilizer use (in the form

of NH3 or urea), conversion of NO, to elemental nitrogen in catalytic converters installed
in vehicles and biomass burning (M. Sharma et al., 2007; A. Kumar & Sarin, 2010; Aneja
et al., 2012; Singh & Kulshrestha, 2012; Yadav & Kumar, 2014). Organic matter is ob-
served to contribute a significant fraction of the total aerosol mass burden over all lo-
cations, ranging from 47.64% in Chennai to 69.73% in Thiruvananthapuram in PMj g,
and and from 50.17% in Patiala to 67.37% in Ahmedabad in PMs 5 (estimated from OC
measurements). Organic matter is emitted from biomass and fossil fuel burning promi-
nently. Biomass burning accounts for 70% of the total carbonaceous aerosol emissions

in India, as noted in emission inventory models (Orjan Gustafsson et al., 2009). Further
photochemical oxidation reactions and condensation of organic vapors may lead to for-
mation of WSOC (Faust et al., 2017). Organic matter contributes more than 50% of the
total aerosol mass burden at almost all locations under consideration. Thus, it is expected
to play an important role in determining the water uptake characteristics at various lo-
cations, subject to the assumption of limited hygroscopicity of organics (k=0.08 or 0.13)
(Nguyen et al., 2016).

Figure S1 shows the minimum, average and maximum RH at various Indian loca-
tions during wintertime. The dots represent the average RH while the whiskers repre-
sent the maximum and minimum RH for the corresponding locations. It is observed that
the minimum, average, and maximum RH for the entire Indian region are on an aver-
age, around 35%, 70% and 95% respectively. Thus, ALWC was calculated for all the lo-
cations at these 3 values of RH using ISORROPIA2.1. An overview of the distribution
of ALWC calculated at the average RH of 70% is given in Figure 2. The wet mass com-
position of aerosols, which includes the calculated ALWC is represented as pie charts,
and they are labelled corresponding to the locations marked on the map. The fraction
of ALWC in the aerosol wet mass is highlighted (coloured light blue) on the pie charts
and its mass concentration (in ug m™ air) is also marked. The reported ALWC comprises
of contributions by both organic and inorganic components of aerosols. The hygroscop-
icity parameter x determined through fit, is displayed for every location (value enclosed
within brackets) and the values have been summarised in Table S3. It is evident that
ALWC is an important contributor to the total aerosol mass burden at all locations, ir-
respective of varying chemical composition, absolute PM mass and x as evident from Fig-
ure 2. Thus, the ubiquity of ALWC in aerosols over the Indian region is reaffirmed. ALWC
is observed to contribute around 25-35% of the total aerosol mass burden at the aver-
age RH of 70%. r varies from 0.17 in Thiruvananthapuram to 0.28 at New Delhi and
Kanpur in PM; g dataset and 0.18 at Ahmedabad to 0.28 at Patiala in PMs 5 data set.

3.2 Factors affecting ALWC over the Indian region

The variation of ALWC requires to be analysed with respect to the three factors
governing it- RH, absolute dry mass concentration, and chemical composition. To fur-
ther investigate the variation in the fraction of ALWC in the aerosol mass burden, the
fractional wet aerosol composition at (a) 35%, (b) 70% and (c) 95% RH has been cal-
culated and displayed in Figure 3. The fraction of total ALWC (which includes contri-
bution by both organic and inorganic matter and coloured blue), is compared across the
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Figure 2. Fraction of ALWC modelled at the average RH of 70% during winter at various
locations over India is shown as pie charts with the aerosol chemical composition. Solid lines and
square markers denote the locations where measurements were done using either ACSM/AMS
(violet text) or filter based methods (black text). The absolute mass of calculated ALWC

(ug m'3) and the hygroscopicity parameter kappa (in parenthesis) fitted for respective locations

are marked beneath the respective pie charts.

diverse environmental conditions as shown in Fig. 3 for three different ambient RH lev-
els separately. The percentage of ALWC is lowest at Thiruvananthapuram (8%, 24%,
68% corresponding to 35%, 70%, 95% RH) and highest at Chennai (13% corresponding
to 35% RH), New Delhi (33%, 78% corresponding to 70%, 95% RH) in the PM; ( data
set. For the PMs 5 data set, the percentage of ALWC is lowest at Bhopal (8% correspond-
ing to 35% RH), Ahmedabad (26%, 69% corresponding to 70%, 95% RH) and highest

at Patiala (11%, 32%, 78% corresponding to 35%, 70%, 95% RH). The average percent-
age of ALWC is 11% for PM; o, 9% for PMs 5 at 35% RH, 30% for PM; o, 28% for PMy 5
at 70% RH and 74% for PM; o, 73% for PMs 5 at 95% RH. The average percentage of
ALWC is thus comparable for PM; g and PMs 5. The change in the ALWC percentage
may be noted to be more pronounced from 70% to 95% RH compared to 35% to 70%
RH. At 35% RH, the percentage of the total aerosol mass burden occupied by ALWC

is minimal. Up to the average ambient RH level of 70% RH, the percentage of ALWC
has increased steadily with RH, while a sharp increase occurs at 95% RH. At this RH,
the ALWC appears to dominate the total aerosol mass burden significantly that at least
70% of the total mass is occupied by ALWC. Therefore, high RH drives ALWC to dom-
inate the total mass, irrespective of the aerosol chemical composition. This observation

is consistent with previous studies, which also observed that that under high RH con-
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Figure 3. Comparison of the mass fraction of ALWC and chemical species in aerosols at rel-
ative humidity (a) 35%, (b) 70% and (c) 95%, (representing minimum, average and maximum
RH during wintertime) between various locations over India indicated by the number on x-axis.
ACSM/AMS based locations are indicated by violet text and filter based locations are indicated
by black text.

ditions, ALWC is the highest contributor to the overall aerosol mass burden (Bian et al.,
2014; Nguyen et al., 2016; Shen et al., 2019; Jin et al., 2020).

Though considerable uniformity has been observed in the fraction of ALWC in the
total aerosol mass burden at a particular RH, the absolute ALWC is also strongly in-
fluenced by mass concentration and chemical composition. Figure 4 compares the wa-
ter uptake characteristics between 35%, 70% and 95% RH at different locations. Figure
4a compares the calculated absolute ALWC at the three RH at every location. The to-
tal ALWC is highest at Kanpur (45.44, 191.05 and 1447.50 ug m™ air at 35%, 70% and
95% RH respectively) and lowest at Mahabaleshwar (1.68, 5.65 and 37.84 ug m™ air at
35%, 70% and 95% RH respectively) among the PM; o data set. Among the PM, 5 data
set, it is highest at Patiala (16.43, 63.73 and 470.81 ug m™ air at 35%, 70% and 95% RH
respectively) and the lowest ALWC at Bhopal (4.28 ug m™ air at 35%) and Ahmedabad
(14.97, 97.28 pug m™ air at 70% and 95% RH respectively). ALWC is thus observed to
follow the same trend as that of the dry aerosol mass in terms of the locations, as dis-
cussed from Figure 1. Hence, the absolute value of ALWC is strongly dependent on the
total mass concentration of aerosols. The ALWC contributed by inorganics is highest at
Kanpur (38.76, 162.09 and 1211.68 ug m™ air at 35%, 70% and 95% RH respectively)
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Figure 4. Comparison of water uptake characteristics at 35%, 70% and 95% RH (minimum,

average and maximum RH during wintertime) are shown as respective bars for each selected

location over India indicated by the number on x-axis. (a) ALWC contributed by organic and

inorganic (ug m™ air) are marked in dark blue and light blue respectively on each bar (b) Frac-
tional contribution to ALWC by inorganic salts and organic matter. ACSM/AMS based locations

are indicated by violet text and filter based locations are indicated by black text.

and lowest at Mahabaleshwar (1.33, 4.13 and 25.45 ug m™ air at 35%, 70% and 95% RH
respectively) among PM; o data set. Among the PM5 5 data set, it is highest at Patiala
(14.33, 54.64 and 396.85 ug m™ air at 35%, 70% and 95% RH respectively)and lowest

at Bhopal (3.25 ug m™ air at 35%) and Ahmedabad (11.07 and 5.49 pug m™ air at 70%

and 95% RH respectively). The ALWC contributed by the organic matter is highest at
Kanpur (6.68, 28.96 and 235.82 ug m™ air at 35%, 70% and 95% RH respectively) and
lowest at Bhubhaneshwar (0.3, 1.31 and 10.66 pug m™ air at 35%, 70% and 95% RH re-
spectively) among PM; o data set. Among the PMs 5 data set, it is highest at Patiala
(2.1,9.08 and 73.97 pug m™ air at 35%, 70% and 95% RH respectively) and lowest at Ahmed-
abad (0.9, 3.9 and 31.79 ug m™ air at 35%, 70% and 95% RH respectively).

These results show that a strong non-linear rise is observed in the ALWC, in ei-
ther case of organic or inorganic contribution. ALWC is observed to rise slowly from 35%
to 70% RH, and a sharp rise is observed from 70% to 95% RH, which resulted in a jump
by an order of magnitude in absolute ALWC. Thus, the water uptake by aerosols is strongly
dependent on ambient RH, recording a slower rise at lower RH, which shifts to a steeper
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rise at higher RH. This observation is consistent with the non linear trend in the vari-
ation of water uptake per unit mass of individual inorganic species and organic matter
with RH across the 35%-95% RH range, as shown in Figure S2a. The data for the wa-
ter uptake per unit mass of inorganic salt species was obtained from ISORROPIA2.1 while
that of organic matter was calculated separately using Equation 5 of the x- Kohler the-
ory, assuming an average value of x,.,=0.1. Hence, the observed non linearity in the vari-
ation of the total ALWC for a location with RH, may also be represented by Equation

5. The plot between the ratio of the volume of water V,, and the volume of dry mass

Vg4 ratio with a,, (or RH) is observed to give a near perfect fit with a single parame-

ter x, with correlation of fit, R >0.99 in all cases. The results of the fit are summarised
in Table S3. k characterises the particle hygroscopicity, in Equation 5, which relates wa-
ter uptake, dry aerosol mass and RH. k has been determined for the total chemical com-
position (inorganic+organic matter), as well as just the inorganic matter separately to
obtain Ktotqr and Kinorg, respectively. Korg has also been tabulated for all locations as-
suming limited hygroscopicity (korg = 0.08 or 0.13 for urban and rural locations respec-
tively) as discussed in the methodology.

Figure S3 shows the variation of water uptake per unit dry mass with RH for x rang-
ing from 0.1 to 0.6 in increments of 0.05, using Equation 4 of the k-Kohler theory. The
water uptake per unit dry mass (M,,/Mg) corresponds to V,,/V4 in Equation 4 and the
water activity corresponding to RH was varied from 0.35 to 0.95. The non linear trend
described earlier is clearly evident from the figure, but the steepness of rise depends on
the k. It can be observed that at lower RH, M,, /My is comparable for all x, while at higher
RH, M,,/M, varies drastically for different x. Hence, high x may not enhance ALWC
significantly at low RH as observed in previous studies (Tan et al., 2017). At lower RH
range, the absolute dry mass would primarily determine the absolute ALWC. The crit-
ical value of RH as discussed in Jin et al. (2020), beyond which non linear rise occurs
may be observed to be dependent on k. Equation 4 may also be expressed as-

ALWC = My.x. f(RH) (6)

Equation 6 shows that at a particular RH level, ALWC would depend on the dry
mass concentration and particle hygroscopicity. In this study, we observe that the range
of predicted « is confined to a relatively narrow range of 0.17 to 0.28, which would be
significant only at higher RH as observed from Figure S3. Hence, it may be assumed that
absolute dry mass concentration plays a dominant role in determining ALWC compared
to the particle hygroscopicity, which is more significant at higher RH. In the ambient,
high ALWC at higher RH conditions serves as a reactor for gas to particle reactions, lead-
ing to favourable conditions of secondary aerosol formation and growth, provided there
is sufficiently high concentration of gaseous precursors available in the atmosphere (Cheng
et al., 2016; G. Wang et al., 2016; Huang et al., 2014; Z. Wu et al., 2018). This leads to
enhanced mass of the aerosol phase with enhanced hygroscopicity due to uptake of sec-
ondary inorganic species, which further enhances ALWC. This indicates that in the am-
bient atmosphere, non linearity in the variation of ALWC with respect to RH would be
even steeper, with a strong dependence of the particle hygroscopicity on RH. Due to lack
of gaseous measurement data, we are restricted to the reverse mode of ISORROPIA2.1
for ALWC calculations, assuming fixed composition of the particle phase with respected
to RH. Hence k, a parameter for particle phase chemical composition, does not conse-
quently vary with RH in this study, enabling us to parameterise a single value of k for
a particular location irrespective of RH. Though this assumption doesn’t represent the
ambient, it should be noted that the chemical composition data used for the analysis con-
sists of chemical concentration data averaged over a considerable period of time, which
would experience varying RH. Hence, the chemical composition data is expected to be
reasonably averaged that it would give a reasonable estimate of k for a location. The cal-
culations, especially at higher RH may provide a reasonable lower bound estimate for
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ALWC. k predicted by this method also acts as a simple parameter for a location, fa-
cilitating the prediction of water uptake of aerosols for the location at any RH. The method-
ology followed here allows for a robust derivation of water uptake characteristics of aerosols
using traditional measurements of aerosol chemical composition, which could be used to
model aerosol hygroscopicity in aerosol chemistry, transport and climate models with sim-
ple formulation.

While ALWC has been observed to be highly dependent on RH, it is also interest-
ing to observe how different chemical species contribute to ALWC at different RH. Fig-
ure 4b shows the fractional contribution of organic matter and inorganic salt species to
the ALWC across the three RH under consideration. ISORROPIA2.1 was used to pre-
dict the combinations of ionic species that make up the salts. In the NH}-SO; -NOj3 -
C1™ system, ISORROPIA2.1 predicts 3 regimes of salt species based on the ratio of the
molar concentrations of NH; and SO?™, quantified as the sulphate ratio (Rso,). The
regimes are briefly described in Table S4. From Figure 4b, the data set under analysis
appears to fall under only two regimes (ii) and (iii). New Delhi, Kanpur, Mahabalesh-
war, and Bhubhaneshwar among the PM; o data set and Patiala and Amritsar among
the PMs 5 data set fall under the ammonium rich regime. In this regime, ISORROPIA2.1
neutralises NHJ with the anions in the order- SO;~, NO; and then Cl~. Aerosols at
these locations are observed to be rich in NHJ, that they could neutralise SO2~ com-
pletely as (NH,4)2SOy4, and then the excess NHI could neutralise NO3 and CI~ wher-
ever present. The model has predicted NH4;NOj3 at all locations in this regime, imply-
ing the presence of excess and enough NH;L|r for NO3 neutralisation. However, only at
New Delhi and Kanpur in the PM; o has the model predicted NH,Cl formation. Chen-
nai and Thiruvananthapuram among PM; ¢ data set, and Ahmedabad and Bhopal among
the PM, 5 data set fall under the sulphate rich regime, where NHI is insufficient to neu-
tralise SOi_— that (NH4)2SO,4, NH,HSO,4 and the double salt of sulphate and bisulphate
(NH4)3H(SO4)2 are expected to form. However, in the present analysis, NH4HSO, out
of the three salts have not been predicted at any of the locations. Across all locations
in the Indian region and at all RH, the contribution of organic matter to ALWC is much
lower than that by inorganic matter. The assumption of limited hygroscopicity for or-
ganic matter could also be the reasons for the low contribution to ALWC despite organ-
ics being the species with the highest mass fraction in the dry chemical composition. Data
on WSOC concentration, which is available in the present data set, may be used for a
better estimation of the water uptake, assuming higher hygroscopicity for secondary or-
ganics in future studies. Among the inorganic salt species, (NH4)2SO,4 remains the most
prevalent contributor to ALWC across all locations in the Indian region. It is interest-
ing to note that the fractional contribution of each species can be observed to vary with
RH. The variation in the fractional contribution by organic matter and NH,Cl with RH
in regime (iii) locations does not show a stable trend. However, the fractional contribu-
tion of (NHy)2SOy clearly decreases with RH while that of NH4NOj increases. This may
be explained from Figure S2b where the water uptake by unit mass of individual species
has been represented on a logarithmic scale for better visualisation. It is evident that
(NH4)2S04 has higher water uptake than NH4NOg3 at lower RH, which reverses after around

80% RH. A similar comparison between regime (ii) salts (NH4)2SO4, NH4HSO,4 and (NH4)3H(SO4)2

in Figure S2b shows that the water uptake by (NH4)2SO4 > NH4HSO,4 > (NH4)3sH(SO4)2
at 35% RH and it changes to NH4HSO4 > (NHy4)3H(SOy4)2 &~ (NH4)2S04. These ob-
servations indicate the RH dependence of water uptake by individual salts. Further in-
vestigation of particle hygroscopicity is done in the subsequent section.

Since the present discussion focuses on ALWC corresponding to secondary inor-
ganic species whose precursors are mainly from anthropogenic emissions, it is also nec-
essary to observe the effect of KT ions released by bio mass burning activities on the ALWC.
K™ has been reported to be one of the dominantly emitted species during bio mass burn-
ing (Engling et al., 2009; Cao et al., 2016). Figure S4 compares the ALWC from inor-
ganic species and the individual contribution by various inorganic species, in scenarios

—17—



687

688

689

690

692

693

694

695

697

698

699

700

702

703

704

705

706

707

708

709

710

715

716

717

718

719

720

721

723

724

726

727

728

729

730

731

732

733

where (i) Kt ions were not considered in the analysis and (ii) KT ions were incorporated,
at the average RH of 70%. Inorganic chemical composition data from three other locations-
Mount Abu, Sikandarpur, and Patna, which satisfied the criteria of ammonium rich lo-
cations were also included in the comparison (the data could not be included in the main
analysis due to lack of organic carbon measurements). Figure S4a compares the abso-

lute inorganic ALWC in both the scenarios. The results indicate a negligible enhance-
ment of ALWC with addition of KT at all locations. Figure S4b compares the contri-
bution of inorganic salt species in both the scenarios. The only KT salt predicted is K2SOy
and it has a minimal contribution to the ALWC at all locations. However, the predic-

tion of K2SOy is questionable, since the major K* salt released from bio mass burning

is reported to be KC1 (Cao et al., 2016). KCl may undergo reactions with atmospheric
H>S0,4 and HNOj3 to form K2SO4 and KNOg respectively, the process being generally
considered as the ageing of KCI evolved from bio mass burning emissions (Li et al., 2003).
Moreover, ISORROPIA2.1 considers KT to be of crustal origin and also assumes inter-

nal mixing of all species (Fountoukis & Nenes, 2007). These observations suggest that

KT of fresh bio mass burning may not be accurately modelled by the internally mixed
assumption of ISORROPIA2.1. Since, the chemical composition data indicates low con-
centration of K* in the aerosols and the results show insignificant effect on the ALWC
prediction, K™ may be excluded from the analysis. Figure S2a shows the water uptake
characteristics of the salts of KT. KCl is observed to have comparable hygroscopicity as
NH4Cl and K3SO4 and KNOj3 have very low hygroscopicity compared to other salt species.
Since KCl is observed to have significant hygroscopicity, ALWC may be influenced by
these species in regions of intense biomass burning, and the further analysis in this di-
rection is beyond the scope of this study due to aforesaid reasons. We, however, intend

to pursue this in followup studies.

3.3 Analysis of hygroscopicity

Figure 5 gives a comprehensive analysis of the hygroscopicity of aerosols under di-
verse environmental conditions considered in this study and the relative contribution of
inorganic and organic matter. Figure 5a shows the line plot of the variation of the Kinorg
(marked pink) and Ktq; (marked violet) across all the locations. As discussed earlier
and as evident from Figure 2, the highest k;otq; Was observed to be 0.28 at New Delhi
and Kanpur and the lowest to be 0.17 at Thiruvananthapuram among PM; ¢ based lo-
cations, while the highest x4tq; for PMs 5 based locations was observed to be 0.28 at Pa-
tiala and the lowest to be 0.18 at Ahmedabad. The highest kinorq Was observed to be
0.59 at New Delhi and the lowest to be 0.33 at Bhubhaneshwar among PM; ¢ based lo-
cations. For PM; 5 based locations, the highest Kinorg Was observed to be 0.58 at Bhopal
and the lowest to be 0.36 at Amritsar.

As expected, Kiorq; is lower than the inorganic kappa at all locations due to the ef-
fect of the organic matter, which was assumed to have limited solubility in this study.
The extent of lowering seemed to vary non uniformly and hence the contribution of or-
ganic matter to Kiotq; needs to be elucidated. Equation 5, may be redefined for multi-
component mixtures using the x mixing rule-

Kiotal = Y Ki€i (7)

where k; and €; are the hygroscopicity parameter and volume fraction of the individual
component i in the mixture. This mixing rule may be represented in terms of organic
and inorganic fractions as-

Rtotal = HKinorg- (]- - forg) + Korg- forg (8)

Equation 8 parameterises the hygroscopicity of inorganic and organic species (Kinorg and
Korg Tespectively) separately and relates them to Kiotar- forg and finorg represent vol-
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Figure 5. Comparison of hygroscopicity and chemical composition of aerosols across locations
indicated by numbers on the x-axis. (a) Variation of inorganic hygroscopicity (Kinorganic) and
total hygroscopicity (ktota1) across locations (b) The fractional chemical composition of the dry
aerosols, in terms of salt species. ACSM/AMS based locations are indicated by violet text and

filter based locations are indicated by black text.

umetric fraction of organic and inorganic matter respectively. Considering that chem-
ical compositions are generally expressed in terms of mass, it is more convenient to ex-
press the mixing rule in terms of mass fractions. Such a mixing rule had been earlier sug-
gested by (Gunthe et al., 2009), where the assumption of mass fraction was made as a
first order approximation. The relative error caused by the assumption of mass fraction
was examined by comparing Kgotrq; With K4, calculated using the mass fraction based
mixing rule. Figure S5 shows that k¢p1q; and K.,i, follow the 1:1 line with a correlation
of fit of R2=0.85 (considering only the 10 data points available). Hence, the assumption
of mass fraction is not expected to cause significant error in the estimation of K¢otq;. The
mixing rule was thus modified to the following form, representing the lowering of Kinorg
to Kiotal as-

Rinorg — Rtotal = forg . (’finorg - Horg) (9)

Thus, the lowering of Kinorg t0 Kiotar due to the effect of organic matter, is a function
of the fraction of organic matter f,., as well as the difference between Kinorg and EKtotai-

,197



747

748

749

750

751

752

753

757

758

759

760

763

764

765

766

767

768

769

770

771

775

776

77

778

779

780

781

783

784

786

787

788

789

790

791

792

793

794

796

797

798

The organic fraction ranges between 50%-70% of the total aerosol mass and the relative
difference between Kinorg and korg changes considerably across locations too and hence,
a combination of both factors determine the final x;4tq;. Figure 5b represents the dry
chemical composition of the aerosols, where the inorganic species are in terms of the salt
species. Observing Kinorg from Figure 5a and the chemical composition in Figure 5b si-
multaneously, aerosols in regime (iii) are observed to have a slightly higher hygroscop-
icity compared to those in regime (ii). From Figure S2b, NH4Cl appears to be the most
hygroscopic salt among salts of NHJ across the range. As earlier observed, NH;NOj3 takes
up more water compared to salts of NH; and SO?~ at higher RH, while at lower RH,
the trend is reversed. Thus, NH4Cl and NH4NO3 are responsible for the enhanced Kinorg
in regime (iii) relative to regime (ii). Earlier studies have reported higher x for NH4Cl
and NH4NOj3 (Petters & Kreidenweis, 2007; Jin et al., 2020; H. J. Liu et al., 2014), thus
corroborating our observation. However, salts of NH} and SO?™ remain the most preva-
lent species in aerosols across the Indian region over the entire range of environmental
conditions investigated here.

3.4 Spatial variation in ALWC

Figure 6 shows the ALWC over Indian region as calculated by ISORROPIA2.1 us-
ing the concentration of chemical species- NH, SO7~, NO; and organic matter from
WRF-Chem simulations. The spatial variation of the mass concentration of these chem-
ical species over the Indian region is shown in Figure S6. Since C1~ has been observed
to be significant in ALWC calculations in the preceding section, lack of Cl~ concentra-
tion data from WRF-Chem may have implications on the predicted ALWC at some lo-
cations. Figure 6a shows the distribution of ALWC over the Indian region based on the
spatial variation of relative humidity estimated for January 2011 by WRF-Chem sim-
ulations. West and east IGP appear to be the hotspot of ALWC, across a significant area.
Scattered peaks in ALWC appear along the southern and eastern coastal areas, as well
as the North east. Parts of West, Central and South West India display low ALWC con-
centration. Figure 6b, 6¢, 6d represent the distribution of ALWC over the region, cal-
culated at the three RH under consideration- 35%, 70% and 95%. The distribution of
ALWC is similar across the three RH, with high ALWC in the IGP, south India and parts
of the Western coast and low ALWC at Jammu and Kashmir and parts of North East
India at the upper heights of the Himalayas. ALWC has been plotted for these plots on
the same colour scale ranging between 0.1 to 700 pug m™ air.

In adherence to previous discussions, regarding the major factors affecting ALWC,
the spatial variation plots of ALWC need to be discussed with reference to aerosol dry
mass and RH. Figure S7 shows the spatial variation of (a) relative humidity and (b) the
total aerosol dry mass calculated as the sum of the mass concentration of all species dis-
played in Figure S6. High relative humidity is observed in the IGP, eastern and south-
ern coastal areas, Jammu and Kashmir and over North East India. The aerosol dry mass,
however, peaks in West and East IGP compared to the rest of the Indian region. This
observation coincides with the trend of absolute ALWC, and hence, it may be inferred
that absolute aerosol dry mass is the primary driver of high ALWC, supported by con-
ditions of high RH. The spatial variation of chemical species in Figure S6 suggests that
west and east IGP are hotspots of NHJ and NO;3 . As discussed earlier, NHj is a driver
for secondary particle formation from precursor acidic gases like SO5, NO, and HCI. Thus,
high NHj3 emissions in the IGP possibly lead to aggravated secondary particle formation
under high RH (Figure S7a) conditions, which are particularly persistent during the win-
ter season. The impact of secondary particle formation manifests as high PM loading
(Figure S7b), which further results in the high ALWC observed in these regions (Fig-
ure 6).

Analysis of the spatial distribution of prospective salt species formed from the WRF
based ionic species concentration has been performed using the dry mode of ISORROPIA2.1
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Figure 6. Spatial variation of ALWC (ugm™ air) over India for January, modelled by ISOR-
ROPIA2.1 using chemical concentration data of NH} | SO?{ , NO; and organic matter from
WRF CHEM model at (a) region specific RH modelled by WRF CHEM (b) fixed RH of 35%, (c)
70% and (d) 95% RH (representing the minimum, average and maximum RH respectively during

winter).

(as discussed earlier) and the results are shown in Figure S8. The model predicts SOif
to be high at higher concentrations over the Central- Eastern India, South India, and
coastal Indian region (Figure S4), which is consistent with previous studies (Mallik et
al., 2019). Hence, (NH4)2SOy is observed to be the dominant salt species over these re-
gions as expected (Figure S8b), and may be responsible for the scattered peaks of ALWC
observed in the region. The IGP is observed to be a hotspot of NH4NO3 (Figure S8a)

as expected from the high concentration of NH} and NOj in the region (Figure S7). NH;NO;

is stable only at low temperature and high RH (Adams et al., 1999; Deshmukh et al.,
2016) and may be expected to be a dominant salt species in the aerosols as predicted.
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The region experiences severe haze and smog during winter, which may hence be attributed
to high PM loading over this region, with conditions further aggravated by high RH, which
lead to enhancement of secondary aerosol formation and high ALWC. The observations

in this study suggest that high NHj3 concentration in the region is a primary driver for

the pollution load leading to harsh weather conditions. Furthermore, high NO, emis-

sions supplementing NH3 provide a additional resource for the formation of the secondary
inorganic aerosols, especially at high RH where NH;NOg3 has been observed to have en-
hanced water uptake. This study also re-emphasises the importance of improvised pol-
lution control strategies targeting emissions of specific chemical species- NH3 and NO,,

for improvement of ambient air quality in the Indian region.

4 Conclusions

A comprehensive analysis was performed to elucidate the role of aerosol mass con-
centration, composition and ambient relative humidity on the water uptake character-
istics of fine mode aerosols (comprising SO3 ™, NOj, C1~, NH; and organic matter) over
the Indian region during wintertime. ALWC was derived for PMs 5 at six locations and
PM; o at four locations using the thermodynamic model ISOROPPIA2.1 at 35%, 70%
and 95% RH, representing the minimum, average, and maximum RH during wintertime
in the region. The presented analyses is strongly in line with previous literature indicat-
ing the ubiquitous nature of ALWC such that it constitutes a significant fraction of the
total aerosol mass burden at the average ambient RH. It was observed that ALWC emerges
as the most dominant component of atmospheric aerosols at very high RH, where its mass
could be 2-3 times that of the dry aerosol mass. The absolute value of ALWC is strongly
dependent on the absolute dry mass concentration, implying that high ALWC is primar-
ily due to heavy pollution load, further enhanced by high ambient RH. Strong non-linear
dependence of ALWC on RH is observed, which increases slowly at lower RH, and evolves
to a sharp rise beyond the critical RH, as discussed in Jin et al. (2020). The critical RH
was observed to depend on the particle hygroscopicity modelled as . The non-linear rise
may be further enhanced at locations where secondary aerosol formation at conditions
at high RH may result in enhanced particle hygroscopicity due to formation of hygro-
scopic secondary inorganic species. However, at low RH, ALWC was observed to be de-
pendent on the absolute dry mass and not the particle hygroscopicity.

The key inorganic salt species predicted at the locations include (NHy)2SO4, NH4HSO4
and (NH4)sH(SOy4)2 at sulphate rich locations and (NH4)2SO4, NH4NO3 and NH,Cl at
ammonium rich locations. NH4NO3 and NH4Cl are formed at those locations with ex-
cess NHJ after neutralising SO2~, and are observed to raise the s of aerosols substan-
tially, compared to the salts of NH, and SOi_. Organic matter, subject to the assump-
tion of limited hygroscopicity, was observed to have a low contribution to the ALWC.
High mass fraction of organic matter reduced the overall k;0:q; significantly at some lo-
cations. The spatial distribution of ALWC was calculated using the chemical composi-
tion of SO?{, NOg, NH, organic matter and RH derived from WRF-Chem simulations.
High PM loading, complemented by high RH was observed to drastically enhance the
ALWC in the Indo-Gangetic Plain (IGP) region, which seems to explain the occurrence
of haze and smog over the region. The distribution of ALWC across the Indian region
at fixed RH revealed similar trends in variation at all three RH levels. Further, analy-
sis of the occurrence of various salt species revealed that NH4;NOj3 is the primary cause
of high ALWC over the IGP, while (NH4)2SO4 dominated the peninsular region. The
IGP region may benefit from the reduction of NH} and NO3 over SO, due to observed
higher hygroscopicity and abundance of NH4;NOg3 over other salts. The methods and as-
sumptions used in this study may be utilised for a general analysis of the hygroscopic
characteristics of aerosols for the given environmental conditions, using simple measure-
ments of respective chemical composition. We further argue that analysis of ALWC un-
der contrasting environments and covering distinct seasons is necessary alongside long-
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term measurements of the aerosol chemical composition to better understand regional
aerosol atmospheric chemistry and to mitigate extreme weather and climatic events re-
lated to ALWC.
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Table S2.

literature.

Summary of the average chemical composition of atmospheric aerosols at locations across India reported in

Species mass concentration in yg m™ air (mass fraction)

Reference Location Type Period Duration Mode NH! SO?— NO, cr- oC Org K+
Gani et al. (2019) New Delhi Urban Dec 2017 to Feb 2018 2.5 months ACSM  20.0 (0.10) 16.0 (0.08) 24.0 (0.12) 1(0.12) - 112.0 (0.57) -
Thamban et al. (2019) Kanpur Urban 1-31 Jan 2016 1 month AMS 464 (0.11) 523 (0.13) 71.2(0.18) 19.3 (0.05) -  217.2(0.053) -
Kommula et al. (2021) Chennai Urban 5 Jan - 1 Feb 2019 1month  ACSM 3.6 (0.12) 10.1(0.33) 1.3 (0.04) 0.83(0.03) - 14.4 (0.48) -
Mukherjee et al. (2018) Mahabaleshwar Rural 5 Jan- 1 Feb 2019 1month  ACSM 1.28 (0.10) 3.0 (0.24) 0.96 (0.08) 0.11 (0.01) - 7.02 (0.57) -
Kompalli et al. (2020) Bhubhaneshwar Urban Dec 2016-Feb 2017 3 months  AMS  2.08 (0.10) 5.47 (0.27) 2.1 (0.10) 0.52 (0.03) - 9.82 (0.49) -
Ajith et al. (2022) Thiruvananthapuram Urban Winter 2017-2020 - ACSM  3.45 (0.06) 10.90 (0.20) 1.69 (0.03) 0.24 (0.00) - 37.5 (0.70) -
Rastogi et al. (2016) Patiala Urban Dec 2011- Feb 2012 3 months  Filter 16.5 (0.12) 24.87 (0.18) 22.34 (0.16) 3.9 (0.03) 42.58 68.13 (0.50) 2.73
Rengarajan et al. (2011) Ahmedabad Urban 8 Dec 2006- 7 Jan 2007 1 month  Filter 3.2 (0.07) 9.7 (0.22) 1.2 (0.03) 0.08 (0.00) 18.3 29.28 (0.67) 0.9
S. Kumar and Raman (2016); Samiksha et al. (2021) Bhopal Urban Jan-Feb 2012,2013 2 months  Filter 7.54 (0.09) 23.25 (0.08) 5.99 (0.13) 1.08 (0.03) 31.48 50.37 (0.67) 2.85
S. Kumar et al. (2018) Amritsar Urban Dec 2011- Feb 2012 3months Filter  4.08 (0.09) 3.95 (0.26) 6.08 (0.07) 1.3 (0.01) 19.56 31.29 (0.57) 0.81
A. Kumar and Sarin (2010) Mount Abu Rural Jan-Feb,Oct-Dec 2007 5 months  Filter 1.83 4.98 0.34 0 - - 0.36
Agarwal et al. (2020) Sikandarpur Rural Dec-Feb 2015-17 3 months  Filter 13.12 13.25 13.03 13.25 - - 3.36
A. Kumar et al. (2020) Patna Urban Jan-Feb, Dec 3 months  Filter 6.21 3.73 3.34 0.43 - - 1.08

31am
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Table S1. Quantitative parameters used to identify the dominance of NHJ in aerosol

chemical composition.

Location NHJ equivalent fraction NHj /SO;~

Patiala 0.90 3.55
Ahmedabad 0.72 1.76
Amritsar 0.73 1.73
Bhopal 0.75 5.01
Mount Abu 0.80 1.96
Sikandarpur 0.71 5.28
Patna 0.77 8.88
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Table S3. Estimates of K;norg and overall s for all locations. The fit parameter R? for

Kk estimates are also shown.

Location Rinorg Korg K

New Delhi 0.59 0.08 0.28
Kanpur 0.55 0.08 0.28
Chennai 0.37 0.08 0.22
Mahabaleshwar 0.42 0.13 0.24
Bhubhaneshwar 0.33 0.08 0.20

Thiruvananthapuram 0.39 0.08 0.17

Patiala 0.51 0.08 0.28
Ahmedabad 0.41 0.08 0.18
Amritsar 0.36  0.08 0.19
Bhopal 0.58 0.08 0.23

Table S4. Regimes of salt species modelled in ISORROPIA2.1 (considering only NH;)

Regime Rgo, = NH} /SO3~ Aerosol type Salt species

(i) Rso, <1 Sulphate super rich H,SO,, NH,;HSO,

(ii) 1 < Rgo, <2 Sulphate rich NH4HSOy, (NH4)3H(SO4)2, (NHy)2SO4
(iii) Rso, > 2 Ammonium rich (NHy4)2S04, NH4,NO3, NH4Cl1
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Figure S1. Overview of the atmospheric RH over Indian locations during wintertime.
The dots represent the average RH while the whiskers represent the maximum and mini-

mum RH for the corresponding locations.
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Figure S2. The water uptake per unit mass of species (ug/m? air of LWC/ pug/m? air
of species) over a range of RH (35-95%) of (a) major salts of NHJ and KT on linear scale

(b) major salts of NH} and organic matter on log scale

December 31, 2021, 7:31am



Water uptake per unit dry mass
(ug/m? air of LWC/ pg/m? air of species)

30 40 50 60 70 80 20 100
Relative humidity (%)

Figure S3. Variation of water uptake per unit dry mass (ug/m? air of IWC/ pg/m3

air of species) with RH for x ranging from 0.1 to 0.6.
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Figure S4. Sensitivity analysis of the effect of including K* in the ALWC calculations.
For every location, two bars represent data without and with K*. (a) Comparison of the
absolute ALWC (ug/m? air) contributed by inorganic species without and with KT. (b)
The fractional composition of inorganic species (represented as salts) without and with

K*.
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Figure S5. Comparison of the overall kappa from fit with kappa from mixing rule.
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Figure S7. Spatial variation of various parameters calculated from WRF CHEM model

for the month of January (a) Relative humidity (%) (b) Total dry aerosol mass (ug/m?3

air).
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