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A B S T R A C T

Understanding airborne particle mass deposition in the lungs is crucial for assessing health effects, particularly in 
regions with severe air pollution. While several studies have modelled lung deposition, there is limited infor-
mation on lung tissue deposition that incorporates factors like hygroscopicity and density in polluted environ-
ments or source-specific exposures. This study examines the impact of atmospheric aerosol properties, including 
particle number size distribution, effective density, and hygroscopic growth, on lung tissue deposition using data 
from a measurement campaign in Delhi, India. Using the Hygroscopic Particle Lung Deposition (HPLD) model, 
the number (TDn) and mass (TDm) of tissue-deposited particles were calculated for various episodes: biomass 
burning (BB), chloride (Cl), hydrocarbon-like organic aerosol (HOA), and relatively clean (RC) periods. Chloride 
episodes, linked to industrial and waste burning activities, showed the highest tissue deposition mass (28 pg 
cm− 2h− 1), followed by BB (22 pg cm− 2h− 1), HOA (17 pg cm− 2h− 1), and RC (14 pg cm− 2h− 1) on total inner lung 
surface area. In addition, incorporating hygroscopicity and density increased deposition estimates by 1.8–2.8 
times. This study underscores the importance of quantifying tissue deposition doses for improving exposure 
assessments, particularly in highly polluted regions where elevated particulate levels exacerbate lung inflam-
mation, respiratory issues, and cancer risk.

1. Introduction

Air pollution contributes to 18 % of annual premature deaths in India 
(World Air Qual. Rep., 2019). Delhi, recognized as one of the most 
polluted cities in the world, experiences severe pollution episodes, 
especially during the post-monsoon and winter months, impacting 
climate, health, and economy (Lalchandani et al., 2022). Aerosol par-
ticles originating from various primary pollution sources (biomass 
burning, industry, vehicles, etc.) and secondary processes can penetrate 
deep into the respiratory tract (Oberdörster, 2000). To better under-
stand the health impacts of atmospheric aerosols, it is necessary to 

integrate micro- and macroscopic particle properties. Previous research 
has demonstrated that molecular-level mechanisms significantly influ-
ence the initial growth of particles. Gas-phase interactions, adsorption 
behavior and chemical composition at the nanoscale shape particle 
evolution, ultimately affecting their physical characteristics. These fac-
tors influence the partitioning of precursors between phases, subse-
quently leading to the formation or modification of aerosol properties 
(Kaviani et al., 2022b; Kaviani et al., 2022a, Kaviani et al., 2019). 
Laboratory studies have shown that the chemical composition and 
acidity of newly formed nanoparticles strongly influence their hygro-
scopic properties, particularly during the nucleation-to-growth 
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transition (Chee et al., 2019; Chen et al., 2018). These findings provide 
essential context for understanding how particles transition from freshly 
nucleated clusters to larger, respirable aerosols whose macroscopic 
properties govern deposition and health outcomes. The macroscopic 
factors that influence the particle deposition in the respiratory tract 
include the physical and chemical properties of aerosol particles (such as 
the size distribution, density, shape, surface area concentration, and 
hygroscopicity), the anatomy of the respiratory tract (diameter, length, 
and breathing angles of airway segments) and its physiology (including 
airflow and breathing patterns) (Morawska and Buonanno, 2021). Hy-
groscopicity measures how much water particles can absorb under 
specific conditions. It significantly affects the transport and deposition 
of inhaled aerosols (Darquenne et al., 2016; Davidson et al., 2017; 
Haddrell et al., 2014). Several techniques are used to investigate the 
hygroscopic properties of airborne aerosol particles. Some of these 
include the Humidity Tandem Differential Mobility Analyzer (H-TDMA) 
(McMurry and Stolzenburg, 1989; Swietlicki et al., 2008; Wang et al., 
2018; Wu et al., 2013), Optical techniques like Cavity Ring-Down 
Spectroscopy (Atkinson et al., 2015; Brock et al., 2016; Langridge 
et al., 2011; Zhang et al., 2014), Gravimetry techniques (Hitzenberger 
et al., 1997; Speer et al., 1997) etc. Only limited studies investigate the 
impact of ambient particle hygroscopic growth on particle lung depo-
sition through direct hygroscopicity measurements. In particular, a 
single study has reported size-resolved particle hygroscopicity obtained 
from a high-humidity tandem differential mobility analyzer (HH-TDMA; 
Relative humidity, RH = 98 %) under conditions similar to those found 
in the human respiratory tract (Man et al., 2022). This study quantified 
the combined effects of hygroscopicity and external mixing state on 
particle deposition in the respiratory tract using the Multiple-Path Par-
ticle Dosimetry (MPPD) model. Although this study provides valuable 
insights by providing size-resolved particle hygroscopicity data at high 
RH, the scarcity of extremely sensitive HH-TDMA instruments world-
wide has led to the predominant use of H-TDMA at 90 % RH in previous 
research efforts.

The International Commission on Radiological Protection (ICRP 66 
recommendations, 1994) and the Multiple-Path Particle Dosimetry 
(MPPD) model (Asgharian et al., 2001) are the most commonly used 
dosimetry models. The ICRP model is an empirical model that in-
terpolates experimental data and is a reference. Other deposition models 
have been developed using a mathematical structure model of the 
human lung made up of tubes and equations for particle deposition in 
these tubes by sedimentation, diffusion and impaction, like MPPD and 
our Hygroscopic Particle Lung Deposition (HPLD) model (Ferron et al., 
1988). Estimating the deposition fraction in these models is based on 
aerosol particle properties and individual physiological parameters. 
Model estimation commonly overlooks particle hygroscopicity and 
seldom uses effective density (Lizonova et al., 2024). However, both 
cause variation in particle size distribution and affect deposition effi-
ciency and pattern for particles in different lung regions. The HPLD 
model considers the hygroscopic growth of particles and particle density 
information upon inhalation and is empowered to use various mathe-
matical lung structure models for humans and laboratory animals 
(Ferron et al., 2013; Schmid et al., 2008).

Previous studies on the impact of hygroscopicity on deposition often 
relied on assumed values of the hygroscopicity parameter (Kappa, κ), 
which denotes different particle properties such as non-hygroscopic, 
nearly hydrophobic, and hygroscopic properties (Voliotis and Samara, 
2018) or using estimation by parametric methods (Ching and Kajino, 
2018; Haddrell et al., 2015; Hussein et al., 2013; Vu et al., 2018). 
However, it is widely recognized that ambient aerosol particles typically 
show an external mixing state and size-dependent hygroscopicity (Zong 
et al., 2022). Consequently, direct measurement of particle hygroscopic 

growth is essential to accurately capture the real-time dynamics of hy-
groscopic growth in the respiratory tract (Man et al., 2022).

In the present study, we use particle properties such as particle 
number size distribution, density, and hygroscopicity from a measure-
ment campaign in Delhi, India, to model the deposition of inhaled 
airborne particles on the inner lung surface area. The effective density 
defines particle mass and influences the HPLD model deposition. Parti-
cle hygroscopicity is necessary for accurate deposition assessment 
(Ferron et al., 1988a,b; Ferron et al., 2013; Karg et al., 2020). The new 
parameter, “lung tissue deposition”, extends the atmospheric particle 
measurement results to a toxicological exposure metric. We show its 
variation using data from four investigative cases: biomass burning ep-
isodes, chloride epsiodes (industrial and waste burning), HOA dominant 
episodes (or vehicular emission), and relatively clean periods. While air 
quality measurement campaigns focus mainly on parameters such as 
particle number concentration, size distribution and mass concentration 
to assess the health effects of ultrafine and fine particles, we propose to 
develop this approach further. We believe that modelling the number 
and mass of particles delivered to cells within the inner lung tissue is a 
step forward in interpreting atmospheric measurement data. Adding 
tissue deposited number and mass to the set of parameters available for 
correlation with oxidative potential and health effects may provide more 
substantial and better correlation results than using airborne concen-
tration alone. Deposited number and mass are considered in terms of 
deposition function, flow rate, and internal lung structure, and their 
quantification allows direct comparison with results from laboratory 
exposure studies. We acknowledge that our examples may not fully 
capture the variability on a national or global scale. Nevertheless, our 
results highlight that both particle density and hygroscopicity are crit-
ical parameters for deposition modelling. Therefore, these properties 
should be included in the parameter set for future atmospheric mea-
surement campaigns.

To the best of our knowledge, our study represents the first attempt 
to quantify the effect of particle number size distribution, density and 
hygroscopicity on lung tissue exposure during different investigative 
cases in a polluted environment.

2. Materials and methods

2.1. Measurement site

Delhi experiences a wide range of variations in temperature (T), 
relative humidity (RH), wind speed and rainfall over the year and by 
time of day. Winters (December to February) are cold (T~10-20 ◦C mean 
diurnal range) and humid (RH ~45 % − 90 %) with low wind speeds 
(~2–3 m s− 1). Delhi often experiences shallow inversion layers (depth 
< 100 m) during winter, especially during the night and early morning 
hours (Gani et al., 2019). The significant sources of air pollution during 
the winter season are residential biomass burning, trash burning, in-
dustrial activities and vehicular emissions (Mandariya et al., 2024). To 
investigate Delhi’s ambient air, we installed a suite of online aerosol 
instrumentation at the Indian Institute of Technology Delhi (IITD) 
(28.54◦ N, 77.19◦ E) from 1 February 2020 to 20 March 2020 
(Mandariya et al., 2024; Romshoo et al., 2024). The nearest source of 
local emissions is two motorways (Shaheed Jeet Singh Marg, about 150 
m, and Sri Aurobindo Marg, about 800 m east of the sampling site) and 
the densely populated residential areas within a 1 km radius. Small and 
medium-sized industries surround the sampling site within a radius of 
25 km that are involved in metal processing, paper production, plastic 
and pharmaceutical manufacturing, e-waste handling and recycling 
(Gunthe et al., 2021).
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2.2. Instrumentation and data analysis

Hygroscopicity and size distribution data are taken from the mea-
surement campaign from 5 February 2020 to 15 March 2020 using a 
Humidified Tandem Differential Mobility Analyzer (H-TDMA; TROPOS 
Germany) and a TROPOS-type Mobility Particle Size Spectrometer 
(MPSS; TROPOS, Germany) respectively (Mandariya et al., 2024). The 
H-TDMA system has been used previously in numerous field campaigns 
(Massling et al., 2007; Wu et al., 2013; Zhang et al., 2016). This system 
consists of two Hauke-Median Differential Mobility Analyzers (DMAs), a 
Condensation Particle Counter (CPC; TSI Model 3772), and a humidifier 
system between the two DMAs. The H-TDMA system measured the 
particle’s hygroscopic growth factors (HGFs) with Dp dry at five 
different sizes (20, 50, 100, 150 and 200 nm) at 90 % RH. A full scan 
covering all five sizes had a time resolution of approximately 30 min. 
The size distributions were measured using a TROPOS-type MPSS (in the 
size range of 10–800 nm) (Wiedensohler et al., 2012) consisting of an 
electrostatic classifier, a differential mobility analyzer, a Kr- 85 bipolar 
charger, and a condensation particle counter (CPC; TSI Model 3076).

In addition, an aerosol chemical speciation monitor (ACSM; Aero-
dyne USA) was operated to provide the bulk chemical composition of 
atmospheric aerosol particles. On ACSM data, we performed a positive 
matrix factorization resulting in a four-factor solution: hydrocarbon-like 
organic aerosol (HOA), biomass-burning organic aerosol (BBOA), less 
oxidized oxygenated organic aerosol (LO-OOA), and more oxidized 
oxygenated organic aerosol (MO-OOA). Further details on the operation 
of the ACSM, calibration, data analysis, etc., can be found in (Mandariya 
et al., 2024). The particle density data for the current study was derived 
from the ACSM data (Sup. Table S1) following Eq. (1).

2.3. Pollution cases

From the comprehensive campaign dataset, data on concentration, 
composition, wind direction, and other relevant factors were extracted 
and organized into three representative scenarios. As previously 
mentioned, these scenarios correspond to PMF factors obtained on the 
ACSM dataset: BBOA and HOA, which are typically associated with 
biomass burning and vehicular emissions, respectively. Additionally, 
chloride was selected as the inorganic species identified by ACSM. 
Furthermore, relatively clean periods were included, with all four 
collectively referred to as “investigative cases.” To be more precise, the 
pollution cases were characterized by i) high concentrations of biomass 
burning aerosols (BB), ii) high concentrations of chloride aerosol from 
industrial processes and waste burning (Cl), and iii) high concentrations 
of hydrocarbon-like organic aerosol (HOA) from vehicular emissions. 
Data sets with relatively clean periods (RC) were selected for compari-
son (Mandariya et al., 2024). The “investigative cases” data are also 
analyzed for the day and nighttime separately: Data with a timestamp 
from 8 am to 8 pm were considered as “day”, and data with a timestamp 
from 8 pm to 8 am the next day as “night”. The time series of all- 
important aerosol parameters and the assignment to the “investigative 
cases” can be found in Mandariya et al., (2024).

2.4. Particle density

The particle effective density ρp is required to estimate particle mass 
from number size distribution. We use the equation of Zhou et al., 
(2022) to estimate ρp from the chemical species’ (j) mass fraction data 
mfj, ACSM and their respective bulk density ρj. This study calculated the 
effective density using the equation described below based on ACSM 
data. The approach of utilizing a single characteristic density value for 
each investigative case presents both advantages and limitations. By 
defining density as an independent variable, not contingent on particle 

diameter, this method streamlines the modelling process and enables the 
differentiation between distinct cases. However, this assumption in-
troduces a degree of uncertainty, as it fails to consider potential varia-
tions in density across different particle sizes, which could affect the 
accuracy of the model’s output. We have also tried an alternative 
approach to utilize size-resolved density data, as exemplified by the 
same publication, i.e. Zhou et al. (2022), which offers a more granular 
methodology that could enhance our model simulations with detailed 
size-dependent density information. While using the size-dependent 
density information retrieved from the Beijing data could offer in-
sights into size-resolved characteristics, it may not represent four 
different investigative cases, as it does not fully account for how density 
variations impact the outcomes across different investigative cases. To 
reduce uncertainties and enhance model precision, measuring size- 
resolved density directly in the field during campaign studies is rec-
ommended, providing a more comprehensive representation of the 
density variability across particle sizes. 

1
ρp

=
∑N

j=1

mfj,ACSM

ρj
(1) 

For comparison, all model calculations are performed for non- 
hygroscopic unit density (ρ0 = 1 g cm− 3) particles (nhp) additionally. 
The ratio ρp / ρ0 is constant during an investigative case. A sensitivity 
study is performed to determine the influence of different particle 
densities on lung tissue deposition (Sup. Fig. S4).

ρp is used for the mass calculation and lung deposition modelling, as 
there is no direct measured size-resolved density information from the 
campaign dataset. The mean composition of the particles during the 
respective observation case was used for the modelling. This is a crude 
assumption, but only particle-volume size distribution can be calculated 
without any density information. The lung-deposited volume, however, 
has not been interpreted by toxicologists so far.

2.5. Particle mass

The airborne particle-mass size distribution (Cm) is derived from the 
particle-number size distribution (Cn) using ρp (Schmid et al., 2007; 
Zhou et al., 2022). When atmospheric background particles commonly 
undergo ageing processes during transport, their form factor is close to 
1. For the aggregated ultrafine particles, information about the form 
factor would be helpful, but is less important as the contribution to 
particle mass concentration is low (see supplement). Cm is calculated 
channel-wise from Cn for each diameter Dp (diameter of dry particles) by 

Cm = Cn
π
6

ρpD
3
p (2) 

2.6. Particle hygroscopicity

Hygroscopic particles (hp) grow until equilibrium is reached between 
the vapour pressure across their curved surface and the surrounding air, 
typically quantified by relative humidity (RH) (Man et al., 2022; Man-
dariya et al., 2024, 2020). This growth process is characterized by the 
growth factor (GF), defined as the particle diameter ratio at a given RH 
to its initially dry diameter (Mandariya et al., 2024, 2020). During the 
Delhi campaign, conducted using an H-TDMA, particle size was 
measured in the first differential mobility analyzer (DMA 1) under dry 
conditions and after that in DMA 2 under RH = 90 % (Mandariya et al., 
2024). All growth factors discussed here are relative to this specific 
humidity condition.

Perwitzschky, (1928) documented that the lungs’ relative humidity 
(RH) reaches 98 % and 99.9 %. Consistent with previous studies (e.g., Vu 
et al., 2015), an RH value of 99.5 % was used to represent lung 
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conditions.
The Rissler approximation ((Farkas et al., 2020; Kristensson et al., 

2013; Rissler et al., 2006) was used to estimate particle diameters at this 
RH:  

HGF (99.5 %) is the hygroscopic growth factor at an RH of 99.5 %. 
HGF(a%) represents the growth factor at an arbitrary RH (a%) and Dp is 
the dry particle diameter. This equation simplifies the adaptation of the 
classical Köhler theory. For our analysis, the parameter a% was set at 90 
%.

The H-TDMA can measure GF up to 200 nm; however, the upper size 
limit of our DMA is 837 nm. No data regarding the hygroscopic nature of 
the particles is available for the surplus range; therefore, the 200 nm 
value has been selected for substitution. The assumption that the GF for 
particles larger than 200 nm remains consistent with that of 200 nm- 
sized particles introduces some limitations. Still, it is justifiable, given 
the constraints and context of the study. The key limitation is that this 
assumption may only partially capture potential size-dependent varia-
tions in composition and hygroscopicity beyond 200 nm, particularly for 
particles influenced by distinct emissions or atmospheric processes. For 
example, larger particles may incorporate different chemical species 
through aging or mixing processes that could affect their hygroscopic 
properties. However, the justification for this simplification lies in 
several factors.

First, the GF values at 200 nm are within a range that aligns with 
atmospheric observations, and these values represent a reasonable 
approximation for accumulation mode particles, which tend to have a 
relatively homogeneous composition due to their longer atmospheric 
lifetimes and mixing processes. Second, the lack of direct hygroscopicity 
measurements above 200 nm necessitates some extrapolation or sub-
stitution to maintain model functionality. Third, the HPLD model’s 
reliance on GF, rather than κ values, precludes a straightforward con-
version of existing hygroscopicity data into κ-derived inputs. This 
methodological limitation emphasizes the need for consistency in input 
parameters, further supporting the decision to use 200 nm GF as a proxy 
for larger particles.

Future work could address these limitations by fine-tuning the HPLD 
model to accept κ values as input, enabling integration of κ-derived data 
for larger particle sizes. This would allow the incorporation of ACSM- 
derived κ values, potentially improving model accuracy for particles 
> 200 nm. Nevertheless, given the current model structure and available 
data, the assumption is reasonable and minimizes the introduction of 
speculative uncertainties while maintaining alignment with observed 
atmospheric particle properties. Upon inhalation, particles experience 
an immediate growth in the respiratory system. The study by Ferron 
et al., (2013) suggests that the inhaled air reaches equilibrium relative 
humidity (RH) after passing through the nose, trachea, and particularly 
beyond lung generation 4 (Morawska and Buonanno, 2021). The RH in 
the lung is maintained at approximately 99.5 % due to the isotonic 
properties of blood, which Scientific Tables Geigy has reviewed (Peppas, 
1984). These tables are cited by many studies (Ferron et al., 1988a,b; 
Petters and Kreidenweis, 2007). The final size of hygroscopic particles 
determines their deposition site. It is independent of their airborne size 
and RH before inhalation, as they always grow rapidly to an RH of 99.5 
%. Compared to the amount of condensing water needed for particle 
growth, the reservoir for water vapor provided by the lung is considered 

infinite. Consequently, the RH of the atmosphere outside the respiratory 
tract hardly influences lung deposition and is not to be considered here 
for hygroscopic growth modelling.

Additionally, modern particle sizing instrumentation is commonly 

supplied with compressed clean air to prevent internal condensation and 
to avoid ambient temperature and humidity influencing the sizing re-
sults. Hence, the measured airborne particle diameter given in the 
literature is commonly a “dry diameter,” our modelling results for hp are 
compared in addition to that.

2.7. The hygroscopic particle lung deposition model

The Hygroscopic Particle Lung Deposition (HPLD) model (Ferron 
et al., 2013) provides data on particle deposition (DE) for both hygro-
scopic (hp) and non-hygroscopic (nhp) particles. The HPLD model has 
been extensively described in the literature, including by Ferron et al. 
(2013), Ferron et al. (1988a), Ferron et al. (1988b), and Schmid et al. 
(2008).

For a more realistic breathing situation, the model has been 
improved. Karg et al., (2020) utilized the HPLD model to estimate the 
tissue-deposited particle number (TDn) and mass (TDm) and compared 
these results with laboratory cell exposure experiments. In comparison 
to models such as the Multiple-Path Particle Dosimetry (MPPD) model 
(Asgharian et al., 2001) and the stochastic model (Hofmann, 2006), a 
notable advantage of the HPLD model is its ability to provide data on the 
hygroscopic growth of particles during the particle transportation to the 
inner lungs. The HPLD model can accommodate a wide range of lung 
structures and breathing parameters due to its utilization of deposition 
equations for tubular flow. Moreover, it has been demonstrated to apply 
to laboratory animals, including rats (Ferron et al., 2013). Here, we use a 
mathematical structural model of the human lung as described by Yeh 
and Schum (1980). This structural framework describes the lung as an 
assembly of hierarchically organized tubes, each bifurcating into two 
equivalent daughter tubes of identical dimensions in length and diam-
eter and inclined at a given angle to each other and gravity. Tubes with 
identical geometric characteristics are classified within the same lung 
generation. The structural configuration includes 24 tube generations, 
ending in the alveolar sacs. The framework used here represents the lung 
structure of an adult man. It is extended by a nose/ mouth and a phar-
ynx, adding up to 26 lung generations by Ferron et al., (2013). The oral 
cavity and oropharynx are set as generations 1 and 2, respectively, the 
trachea as generation 3, the bronchi as generations 4 to 9, the bron-
chioles as generations 10 to 19, and the alveolar ducts as 20 to 26. 
Instead of using the lung volume of 5,564 cm3 proposed by Yeh and 
Schum, (1980), we adopt a more realistic value. This updated lung 
volume is calculated as the sum of the functional residual capacity 
(3300 cm3). This is in line with the recommendation by the International 
Commission on Radiological Protection (ICRP 66 recommendations 
(1994)) supplemented by adjusting 50 % of the tidal volume (equivalent 
to 50 % of 750 cm3). The HPLD model describes DE by mechanisms 
including diffusion, sedimentation within a stable laminar flow regime, 
and impaction across each lung generation. In particular, deposition 
within ducts containing alveoli shows a remarkable correlation with 
alveolar diameter.

HGF(99.5%) =

[

1 +
(

HGF(a%)
3
− 1

)
×
(99.5% − a%)

100
× exp

(

− Dp ×
(HGF(99.5%) − 99.5% )

100

)

× exp
(

− Dp ×
(HGF(a%) − a% )

100

)]1
3

(3) 
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2.8. Estimation of tissue deposited particle number and mass

Tissue deposited (TD) particle number and mass (TDn and TDm, 
respectively) are toxicologically relevant parameters. TD represents the 
toxicological burden for epithelial lung tissue over a defined time. TD 
considers all the processes a particle goes through until it reaches a cell 
surface. Biologists and toxicologists can utilize this information to 
discuss the subsequent biological processes of dissolution, translocation 
and cellular or systemic defense elsewhere. TDn and TDm are calculated 
here for three lung regions (R) and the sum of internal surface area of all 
three lung regions (total lung surface area, TLSA). The internal surface 
area of the extra-thoracic (EX), tracheobronchial (TB) and alveolar (AL) 
lung regions is covered by different epithelial cell types. It represents 
different proportions of the total lung surface (Karg et al., 2020). TD is 
calculated from the HPLD output using an internal lung surface area 
(AR) of 0.09, 0.33, 74.6 and 75 m2 for EX, TB, AL and TLSA, respectively. 
Respiratory parameters are for a person sitting at rest (750 cm3 tidal 
volume, 12 breaths per minute) (Ferron et al., 2013) breathing perma-
nently with an identical in and exhalation flow rate and with no pause in 
between.

TD factors (TDf) are calculated from the HPLD-deposition data (DE) 

(Eq. (4) using the respiratory flow rate (Q), exposure time (te) and 
regional lung surface area (AR). DE itself depends on the lung region R 
and the aerosol parameters Dp, ρp and GF: 

TDf
(
R,Dp, ρp,GF

)
= Qte

DE(R,Dp, ρp,GF)
AR

(4) 

This means the TDf is already the modelling output. Obtain TDn or 
TDm by the channel-wise multiplication (convolution) with the airborne 
number concentration (Cn) or the airborne mass concentration (Cm): 

TDn
(
R,Dp, ρp,GF

)
= Cn

(
Dp

)
TDf

(
R,Dp, ρp,GF

)
(5a) 

TDm
(
R,Dp, ρp,GF

)
= Cm

(
Dp

)
TDf

(
R,Dp, ρp,GF

)
(5b) 

In other words, the TDf comprises the whole modelling process and 
can be modelled in an extra process without using the airborne distri-
bution. Modelling the TDf includes the breathing parameters (Q, te, AR) 
and the particle parameters (Dp, ρp, GF) but not the airborne data (Cn, 
Cm). The TDf used for our investigative cases is tabled in the supplement 
and can readily be used to estimate TDn and TDm for other measurement 
campaigns with similar investigative cases without running the HPLD 
model.

(a) (b)

(c) (d)

Fig. 1. Measured airborne particle number size distribution Cn during all investigative cases: (a) biomass-burning organic aerosol (BB), (b) high concentration of 
chloride aerosol (due to emissions from industries and trash burning) (Cl), (c) high concentration of hydrocarbon-like organic aerosol from vehicular emission (HOA), 
and (d) periods with relatively clean air (RC). The graphs show the channel-wise averaged concentration and standard deviation between 8 am and 8 pm (daytime, 
orange line) and between 8 pm and 8 am of the next day (nighttime, black line). The shaded area represents the standard deviation of the number concentration 
(#/cm3) in each size bins. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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This implies that the model TDf can be generated using typical 
breathing parameters and particle properties. It can then be applied to 
calculate TD from atmospheric or laboratory particle distributions, 
provided that the ρp and GF data are compatible.

3. Results and discussions

3.1. Estimation of particle density for calculating mass distribution and 
lung deposition

Table 2 provides the densities calculated for the investigative cases. 
Aerosol densities have been reported to range from 1.3 to 1.6 g cm− 3 

(Hu et al., 2012; Sarangi et al., 2016). Another study in Delhi deter-
mined aerosol mass based on particle size distribution observations by 
applying a density of 1.7 g cm− 3 (Laakso et al., 2006).

Since non-hygroscopic combustion emissions predominate in both 
biomass burning aerosol (BB) and hydrocarbon-like organic aerosol 
(HOA) from vehicular emissions, the particle densities for these episodes 
were lower than for the chloride emission particles (Cl) and the rela-
tively clean episode particles (RC). Freshly emitted combustion emission 
particles hardly contribute to Cm as they are ultrafine (≤100 nm) or 
nano-sized and as their density is low (see supplement Section 2). The 
main contribution to particle mass comes from fine particles (>100 nm), 

i.e. from the “tail” of the measured number size distribution (Figs. 1 and 
2). Details about the sensitivity of TD to particle density are given in 
Fig. S4 in the supplement.

3.2. Airborne size distribution of particle number and mass concentration 
required for the lung deposition calculations

Regarding the four investigative cases, BB, HOA, Cl, and RC, Fig. 1
and Table 2 present the measured airborne size distributions of particle 
number concentrations (Mandariya et al., 2024). The shapes and con-
centrations of these distributions vary. The ultrafine particle (UFP) 
concentration is primarily attributed to freshly emitted combustion 
particles (Kwon et al., 2020). The order of the investigative cases by 
number concentration is as follows: BB > Cl > HOA > RC. The number 
concentration during BB emissions is twice that of the RC period. The 
mass distribution graphs in Fig. 2 are incomplete because they stop at 
the upper sizing limit of the MPSS particle sizer (836 nm). The missing 
particle mass concentration ranges from 7 % to 24 % (Sup. Section 1). 
Despite that, the mass size distributions are used here, as i) the distri-
butions can be completed by fitting lognormal distributions, ii) the mode 
of all distributions is accessible, iii) the integral of a lognormal distri-
bution is directly related to the mode (median) value (see supplement 
Section 1.1), and iv) the order of the investigative cases is unchanged 

(a)

(b)

(c)

(d)

Fig. 2. Airborne particle mass distribution during all investigative cases (a) biomass-burning organic aerosol (BB), (b) high concentration of chloride aerosol (due to 
emissions from industries and trash burning) (Cl), (c) high concentration of hydrocarbon-like organic aerosol from vehicular emission (HOA), and (d) periods with 
relatively clean air (RC). Distributions are calculated from airborne particle number size distributions (Fig. 1) using the particle density listed in Table 2 for BB, Cl, 
HOA and RC cases. Day- and nighttime averaging is identical with Fig. 1. Both the mass distribution for non-hygroscopic unit-density particles (allCM(ρ = 1)) and 
particle number size distribution (allCn) are added for comparison. The shaded area represents the standard deviation of the number concentration (#/cm3) in each 
size bins.
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when completed mass distributions are used.
The four case’s total mass concentration is between 60 and 133 µg 

m− 3 (Table 2, “All data”). The mass concentration order is identical to 
the number concentration order (BB > Cl > HOA > RC). Total mass 

concentration is relatively high for all cases, characterizing Delhi as a 
highly polluted place. Particle mass is modelled using the effective 
density. It yields a 30 to 50 % higher exposure concentration than par-
ticle mass from ρ0 (Table 2). This is an argument to measure particle 

(a)

(b) (c)

(d) (e)

Fig. 3. Measured growth factors (GF) during all investigative cases (as indicated in Fig. 1). (a) GF characterizes the size dependency of particle hygroscopicity. It is 
fitted with a linear function (dashed lines) for better use in the HPLD model (find the fit parameters in Table 1). The slopes of the fits vary from 1.45 to 2.27 µm− 1, 
and the intercepts from GF = 1.02 to GF = 1.13. The correlation coefficient is close to R2 = 1 for all fits. Hygroscopic growth factors at day- (orange lines) and night- 
time (black lines) during all investigative cases: (b) biomass-burning (BB), (c) chloride (Cl), (d) vehicular emission (HOA), and (e) relatively clean (RC) periods. The 
shaded area represents the standard deviation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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density during field campaigns.

3.3. Hygroscopicity

The growth of hygroscopic particles during the four investigating 
cases is depicted in Fig. 3. As particle size increases, so do all growth 
factors (GF). Fig. 3a shows the GF for the average data, and Fig. 3b-e 
shows the GF for the day and night data. To easily address GF (Dp) during 
the modelling process, a straight line fitting was applied. It should be 
noted that GF is influenced by both curvature and chemical composition; 
therefore, it is non-linear with particle size. The fitting is restricted to the 
displayed size range (25 to 200 nm), and extrapolation may yield 
spurious results. Nevertheless, the coefficient of determination is high 
(0.98 ≤ R2 ≤ 0.99; see Fig. 3a and Table 1), and the fits may help to 
describe the data more easily: 

GF(Dp) =aDp + b (6) 

The slope (a) is between 1.42 and 2.34 µm− 1 depending on the 
investigative case, and the intercept (b) is between GF = 1.03 and 1.12. 
The lowest b is found for HOA type aerosol (or dominated by vehicular 
emissions), as the freshly emitted combustion particles are merely nhp 
(Table 1, Fig. 3a). The highest is found for chloride episodes. Gunthe 
et al., 2021 reported that chlorine is released from metal processing 
industries or illegal waste burning activities. It is then “neutralized” by 
excess ammonia in the atmosphere, forming ammonium chloride (for 
simplicity, we refer to it as chloride or Cl), and is found to be very hy-
groscopic (Gunthe et al., 2021). The intercept for RC is lower (1.08) than 
for Cl. Due to the influence of non-hygroscopic ultrafine emission par-
ticles, the lowest intercept is observed for both the BB and the HOA 
investigative cases. BB has the lowest slope, which results in the lowest 
hygroscopicity, particularly for particles in the tiny particle size range of 

Table 1 
Growth factor fit parameters for all investigative cases. Growth factors (GF) are 
fitted to the hygroscopicity data (Fig. 3) by straight lines with a slope (parameter 
a, in Eq. (6) and intercept (parameter b, in Eq. (6). R2 is the coefficient of 
determination, Avg. the average of all investigative cases, S.D. the correspond-
ing standard deviation, and C.V. the coefficient of variation. For comparison, the 
ratio to the relatively clean case RC is given for each slope, intercept and R2.

Case / Statistics Measured GF Linear fit parameters

Minimum Maximum Slope Intercept R2

BB 1.09 1.34 1.42 1.07 0.97
Cl 1.17 1.59 2.34 1.12 1
HOA 1.06 1.41 1.98 1.03 0.99
RC 1.12 1.47 2.04 1.08 0.99
Avg. 1.11 1.45 1.94 1.07 
S.D. 0.05 0.1 0.38 0.04 
C.V. in % 7.2 4.39 19.7 3.5 
BB/RC 0.97 0.91 0.7 1 0.98
Cl/RC 1.04 1.08 1.14 1.04 1
HOA/RC 0.94 0.95 0.97 0.95 1

Table 2 
Average airborne particle number (Cn) and mass-concentration (Cm) during all 
investigative cases. Average and standard deviation (S.D.) are given separately 
for the total investigative case (all data) and day and nighttime. Cm is calculated 
channel-wise from Cn. Data are calculated for non-hygroscopic dry particles 
(nhp) using unit density ρ0 and hygroscopic particles (hp) at RH = 90 % using the 
density ρp of the respective case. Additionally, the ratio of day vs nighttime is 
given. The ratio is > 1 if the concentration is higher during daytime and < 1 if it 
is higher during nighttime.

Case All 
data

± S. 
D.

Daytime ± S. 
D.

Nighttime ± S. 
D.

Day: 
Night

Particle number concentration Cn (x 104 cm¡3)
BB 3.24 1.91 3 1.33 3.29 1.48 0.91
Cl 2.58 1.68 2.79 1.65 1.85 1.71 1.51
HOA 2.57 1.24 2.29 7.92 2.7 1.35 0.85
RC 1.5 1.22 1.81 1.33 1.37 1.11 1.32
Non-hygroscopic particle mass concentration (Cm, ρ0) in µg m¡3)
BB 95.8 44.8 134 42 93.4 24.9 1.44
Cl 79.3 42.5 108 56 56 41.3 1.93
HOA 66.9 18.9 82.2 20 67.4 19.9 1.22
RC 43 48.9 72.9 68 36.2 44.4 2.01
Hygroscopic particle mass concentration (Cm, ρp) in µg m¡3)
BB (ρp =

1.33)
127 60 179 56 124 33 1.44

Cl (ρp =

1.50)
119 64 162 84 84 62 1.93

HOA (ρp 

=

1.38)

92.4 26 113 27 93.1 27 1.22

RC (ρp =

1.45)
62.3 71 106 98 52.5 64 2.01

(a)

(b)

Fig. 4. a) deposition in the total lung surface area during the episodes (BB – 
green dashed line, Cl – pink dash-dotted line, HOA – purple dash-double-dotted 
line, RC – blue solid line), and for non-hygroscopic particles (nhp, red dotted 
line). the deposition minimum is found at 461 nm for the non-hygroscopic 
particles and at 192, 156, 179 and 167 nm for the BB, Cl, HOA and RC 
cases, respectively. b) Deposition probability for the extra-thoracic (EX), 
tracheobronchial (TB) and alveolar (AL) lung region and for the total lung 
surface area (TLSA) for both non-hygroscopic (nhp, dashed lines) and hygro-
scopic particles (hp, solid lines) during the biomass-burning (BB) case. In EX, 
TB, AL and TLSA, the mean deposition minimum diameter is found at 259, 602, 
503 and 461 nm for nhp, respectively, and 223, 207, 179 and 192 nm for hp, 
respectively. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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150 and 200 nm. The graphs demonstrate that the nhp emissions during 
BB are larger than those during HOA, which commonly come from fuel 
injection engines and are in the ultrafine range (≤100 nm).

Fig. 3 b-e shows hygroscopicity by day and night. Both during the 
day and at night, hygroscopicity increases with particle size. Although 
evident in the data, day-night differences are rarely statistically distin-
guishable. Differences are more prominent between the episodes. Hy-
groscopicity tends to be slightly lower during the daytime. 
Hygroscopicity is reduced at night just for RC. This can be explained by 
relatively enhanced ultrafine (≤100 nm) Cm traffic combustion emission 
at night or a decreased dilution due to tropospheric vertical mixing.

Cl exhibits the highest hygroscopicity among all the investigative 
cases (Fig. 3c). Hygroscopicity, in this case, is almost the same at night 
and during the day. Hygroscopicity is increased due to hygroscopic 
compounds, particularly those in particles with sizes between 150 and 
200 nm. During HOA, the daytime and nighttime data sets exhibit a 
comparable slope and nearly the same low hygroscopicity (Fig. 3d). 
During the day, a Cm particle source appears to reduce hygroscopicity, 
particularly for 150 nm particles. At night, hygroscopicity for HOA is 
lower than for night RC. The high day and evening traffic emissions 
could explain this reduction. For the investigative case, RC, the night-
time GF is lower than the daytime GF for all the particle sizes. Re-
ductions in ageing time, secondary background aerosol levels (expected 
to be lower on cleaner days), and dilution through tropospheric vertical 
convection at night significantly reduce hygroscopicity.

3.4. Lung deposition calculation using the HPLD model

The deposition in the total lung surface area for the four investigative 
cases is presented in Fig 4b, which also shows the DE of the different lung 
regions for both hp and nhp. While deposition by both gravitational and 
inertial transport increases with particle diameter (’aerodynamic 
regime’), deposition by diffusive transport (Brownian motion, Dp ≤ 200 
nm for hp, Dp ≤ 400 nm for nhp in Fig 4 a) decreases with increasing 
particle diameter. Both superposition regimes form the well-known “U- 
shaped” deposition function with its characteristic minimum.

DE in the total lung (Fig 4 a) shows slight but distinguishable dif-
ferences between the four investigated cases. Due to their low hygro-
scopicity, BB particles show the deposition minimum at the largest 
diameter (192 nm). In contrast, most hygroscopic Cl particles show the 
deposition minimum at the smallest diameter (167 nm). For nhp, the 
deposition minimum is found at 462 nm. A more significant “shift” to 
lower diameters is observed for particles containing more hygroscopic 
substances. However, the “hygroscopic shift” between nhp and hp (462 
nm to 192 nm) is much greater than the “shift” between the four 
investigated cases (192 nm to 167 nm). Therefore, it is preferable to 
consider any hp profile rather than assuming nhp when considering lung 
deposition. The hygroscopicity significantly influences the deposition 
function (Fig 4b). For the total lung surface area (TLSA), the deposition 
minimum is found at 461 nm and 192 nm for the nhp and hp, respec-
tively. In addition, the diameter of the minimum shifts significantly for 
the bronchi (TB) and deep lung (AL) (503 nm to 179 nm and 602 nm to 
223 nm, respectively).

The shift is minimal for the upper airways (EX) from 259 nm to 223 

Table 3 
Tissue deposited particle number (TDn) and mass (TDm), as TLSA modelled for non-hygroscopic particles (nhp) with density ρ0, and for hygroscopic particles (hp) with 
the hygroscopic profiles of the investigative cases (see Fig. 3 and Table 1). Deposition data are calculated for the investigative cases: biomass-burning (BB), chloride 
(Cl), vehicular emission (HOA), and relatively clean period (RC). TD during a case is given for the extra-thoracic (EX), the tracheobronchial (TB), the alveolar (AL) lung 
region, and the total lung surface area (TLSA). The day- vs. nighttime ratio is given in the column day: night for the total lung. The ratio is > 1 if TD is higher during the 
day and < 1 if it is higher during the night. The density- and hygroscopic vs. non-hygroscopic modelling ratio for TLSA is given in column r, GF. TD(rp): TD(r0) means 
only particle density is modelled while GF = 1. TD(hp): TD(r0) means that density and hygroscopicity are modelled. The comparative ranking of the investigative cases 
by TD (TLSA) is given in column Case: RC.

Tissue-deposited particle statistics (TD)

All data Day Night Day: Night r, GF Case: RC

Lung region EX TB AL TLSA TLSA TLSA TLSA TLSA TLSA

Cases Tissue deposited number TDn (nhp, ρ0) in part. cm− 2h− 1 Ratio Ratio Ratio
BB 5.83 × 106 5.27 × 105 6.43 × 103 9.42 × 103 1.00 × 104 9.39 × 103 1.07 − 1.69
Cl 6.54 × 106 5.70 × 105 5.93 × 103 9.19 × 103 9.63 × 103 9.04 × 103 1.06 − 1.65
HOA 5.06 × 106 4.54 × 105 5.36 × 103 7.94 × 103 8.11 × 103 8.32 × 103 0.97 − 1.42
RC 4.18 × 106 3.59 × 105 3.52 × 103 5.59 × 103 6.79 × 103 5.01 × 103 1.35 − 1
 Tissue deposited number TDn (nhp, ρp) in part. cm− 2h− 1 TDn(rp): TDn(r0) 
BB 5.92 × 106 5.28 × 105 6.45 × 103 9.45 × 103 1.01 × 104 9.42 × 103 1.07 1 1.69
Cl 6.65 × 106 5.70 × 105 5.95 × 103 9.23 × 103 9.66 × 103 9.08 × 103 1.06 1 1.65
HOA 5.14 × 106 4.55 × 105 5.38 × 103 7.97 × 103 8.13 × 103 8.35 × 103 0.97 1 1.42
RC 4.22 × 106 3.59 × 105 3.53 × 103 5.60 × 103 6.81 × 103 5.03 × 103 1.35 1 1
 Tissue deposited number TDn (hp, rp) in part. cm− 2h− 1 TDn(hp):TDn(r0) 
BB 5.90 × 106 4.01 × 105 4.92 × 103 7.37 × 103 7.78 × 103 7.40 × 103 1.05 0.78 1.55
Cl 6.62 × 106 4.22 × 105 4.87 × 103 7.50 × 103 7.90 × 103 7.34 × 103 1.08 0.82 1.58
HOA 5.12 × 106 3.60 × 105 4.26 × 103 6.44 × 103 6.82 × 103 6.66 × 103 1.02 0.81 1.36
RC 4.21 × 106 2.84 × 105 3.00 × 103 4.74 × 103 5.76 × 103 4.31 × 103 1.34 0.85 1
 Tissue deposited mass TDm (nhp, ρ0) in pg cm− 2h− 1  
BB 1.06 × 104 6.51 × 102 8.48 1.26 × 101 1.85 × 101 1.63 × 101 1.13 − - 2.32
Cl 9.26 × 103 5.14 × 102 6.64 9.98 1.62 × 101 1.45 × 101 1.12 − - 1.85
HOA 7.48 × 103 4.59 × 102 5.99 8.88 1.05 × 101 1.45 × 101 0.73 − - 1.62
RC 5.09 × 103 2.77 × 102 3.57 5.39 1.28 × 101 6.68 1.92 − - 1
 Tissue deposited mass TDm (nhp, ρp) in pg cm− 2h− 1 TDm(rp):TDm(r0) 
BB 1.66 × 104 8.74 × 102 1.17 × 101 1.75 × 101 1.47 × 101 1.29 × 101 1.14 1.4 2.06
Cl 1.85 × 104 7.96 × 102 1.09 × 101 1.65 × 101 1.20 × 101 1.07 × 101 1.13 1.66 1.95
HOA 1.26 × 104 6.36 × 102 8.63 1.29 × 101 8.18 1.05 × 101 0.78 1.48 1.52
RC 9.38 × 103 4.12 × 102 5.58 8.5 9.77 4.99 1.96 1.58 1
 Tissue deposited mass TDm (hp, ρp) in pg cm− 2h− 1 TDm(hp):TDm(r0) 
BB 1.68 × 104 9.28 × 102 1.62 × 101 2.22 × 101 2.49 × 101 2.18 × 101 1.14 1.78 1.62
Cl 1.85 × 104 1.07 × 103 2.11 × 101 2.79 × 101 3.21 × 101 2.65 × 101 1.21 2.8 2.03
HOA 1.25 × 104 6.98 × 102 1.25 × 101 1.70 × 101 1.50 × 101 1.95 × 101 0.77 1.94 1.24
RC 9.64 × 103 5.33 × 102 1.03 × 101 1.37 × 101 2.66 × 101 1.02 × 101 2.62 2.55 1
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nm, as EX is where particle growth begins. The “hygroscopic shift” of the 
deposition minimum has a two-way effect: For ultrafine and nano-
particles in the “thermodynamic regime”, the hygroscopic evolution 
lowers the DE compared to the nhp. For the fine particles in the “aero-
dynamic regime”, it increases the DE. There is a simultaneous decrease 
in deposited particle number and an increase in deposited particle mass 
when the mode in particle number (Cn) is typically below this deposition 
minimum and when the mode in particle mass (Cm) is beyond it 
(Table 3).

3.5. Impact of particle properties on tissue deposited number and mass

The airborne size distribution and the DE function are superimposed 
when calculating tissue deposition (TD). TD is, therefore, a new quality 
parameter. It differs from laboratory-based exposure and deposition 
experiments in that toxicologists usually use the number or mass of 
particles delivered to cells as a correlation parameter. Instead of 
assuming 100 % deposition for all particles of any diameter, TD also 
incorporates a fair prediction of the breathing pattern and deposition 
process. The factors TDf (equations 4 and 5) contain all the density, 

hygroscopicity and deposition information. For similar pollution sce-
narios, they allow the TD to be calculated directly from the measured 
airborne data without explicitly running the HPLD model. The TDf for 
the four investigative cases are provided in the supplementary file. The 
total tissue-deposited particle mass and number in the three lung regions 
and the total lung surface area are shown in Fig. 5. The lung region with 
the lowest surface area (EX) shows the most significant tissue deposition, 
indicating an inverse relationship between TD and the region’s total 
internal surface area. It has about 900 times more deposited particles 
than the mean (TLSA); the TB region has about 60 times more, and the 
AL region has about 2/3 more (see ordinates in Fig. 5a). Tissue deposited 
mass shows similar relationships (see ordinates in Fig. 5b). Table 3
shows the total TDn and TDm. The industrial emission case has the 
highest TD. The Cl and RC cases differ by about a factor of two (see 
column “Case: RC” in Table 3). Fig. 5b shows the highest deposited mass 
TDm for the Cl case on total inner lung surface area, i.e. 28 pg cm− 2h− 1, 
followed by BB (22 pg cm− 2h− 1), HOA (17 pg cm− 2h− 1), and RC (14 pg 
cm− 2h− 1)), as a high chloride content results in high hygroscopicity for 
150 and 200 nm particles.

hp has a significantly lower deposited number (TDn) than nhp (15 % 

(a)

Fig. 5. Comparison of regional TD: a) deposited particle number (TDn) and b) particle mass (TDm) in the lung regions EX, TB, AL and TLSA during all investigative 
cases. The TLSA closely resembles the alveolar surface area (Section 2.8). There are notable differences in TD between the lung regions (see ordinates): The ratios EX: 
TLSA, TB: TLSA and AL: TLSA are 900, 60 and 0.6 for TDn, respectively, and 700, 40 and 0.7 for TDm, respectively, for the RC case.
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to 22 %; see Table 3 column TDn(hp): TDn (ρ0)). There is significantly 
overestimation of TDn when all particles are assumed to be non- 
hygroscopic and of unit density.

The assumption that all particles are non-hygroscopic and of unit 
density again results in a significant underestimation of TDm. It should 
be noted that the size, location, and deposition of a particle are altered 
by the water it absorbs as it passes through the respiratory system. Water 
uptake does not directly affect chemical loading or particle composition. 
After contact, the condensed water dissolves in the epithelial lining 
fluid, while the chemical load affects the cells.

Fig 4b illustrates the cause of the lower TDn and higher TDm for 
hygroscopic particles. The deposition minimum is “shifted” to smaller 
particle sizes by hygroscopicity. When Dp < 200 nm (quasi ultrafine size 
range), the deposition for hp is less than that for nhp. As the number 
distribution peaks at about 80 nm (see Fig. 1), the hygroscopic TDn is 
reduced compared to the non-hygroscopic one. On the other hand, in the 
fine particle size range (~400 nm; see Fig. 2), the mass distribution 
peaks. The hygroscopic TDm is, therefore, higher than the non- 
hygroscopic one. Overall, TDn is reduced, and TDm is simultaneously 
increased by the hygroscopic “minimum shift”.

3.6. Variations in diurnal tissue deposited number and mass

Fig. 6 and Tables 2 and 3 show the daytime and nighttime total 
deposition (TD) for each case studied. In contrast to the RC scenario, 
there is a consistently high deposition during both day and night for 
other episodes. The variation in the number of particles deposited for 
other episodes between day and night ranges from 2 % to 7 %. However, 
during the RC periods, the nighttime particle number deposition (TDn) is 
reduced by 34 %.

The situation is even more pronounced for tissue mass deposition: 
TDm is 23 % higher at night in the HOA case as compared to the daytime 
due to increased emissions from nighttime heavy duty diesel trucks. In 
other cases, such as BB and Cl (as shown in Fig. 6B and Table 3), higher 
daytime tissue mass deposition was observed i.e. 25 and 32 pg cm− 2h− 1 

respectively. In the case of RC, this nighttime tissue mass deposition 
reduction is almost three times greater than the daytime. Daytime tissue 
deposition was found to be high possibly due to highly hygroscopic 
particles during the RC case, although the number concentration of 
aerosol particles was significantly lower than other cases.

A notable discrepancy in TD is observed between the hygroscopic 
(hp) and non-hygroscopic (nhp) modelling cases. Fig. 6A shows a 
decrease in TDn for the hygroscopic model (ranging from 0.78 to 0.85, as 
shown in Table 3), while Fig. 6B shows an increase in mass TDm (ranging 

(b)

Fig. 5. (continued).
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from 1.78 to 2.80, as shown in Table 3). This “hygroscopic shift” effect 
explains the observed increase in deposited mass and decrease in 
deposited particle number (see Section 3.5).

4. Conclusions

We modelled lung deposition for both hygroscopic and non- 
hygroscopic particles in four investigative cases − biomass burning, 
chloride (industrial emissions and waste burning), HOA (vehicle emis-
sions) and relatively clean periods − using the measured hygroscopic 
growth factors (GF) in the Hygroscopic Particle Lung Deposition (HPLD) 
model. For non-hygroscopic particles, deposition typically reaches a 
minimum at around 450 nm. However, deposition modelling of hygro-
scopic particles shows that this minimum shifts to below 200 nm due to 
particle growth during respiratory transport. This shift increases the 
deposition of fine hygroscopic particles (>~400 nm) and reduces the 
deposition of particles below 200 nm. As the modal diameter of particle 
number distributions often falls below this “hygroscopic minimum”, the 
total number of deposited particles is lower than non-hygroscopic par-
ticles. Conversely, when the modal diameter of the mass distribution is 
above this threshold, the deposited mass increases. Our model indicates 
a significant increase in particle mass deposition (1.8- to 2.8-fold) when 

particle density and hygroscopicity are considered. Comparative anal-
ysis of the different scenarios shows considerable variation in lung 
deposition rates. High chloride concentrations, characteristic of indus-
trial and waste burning activities, are associated with the highest mass 
deposition to lung tissue, up to 28 pg cm− 2h− 1. Comparison of daytime 
and nighttime data shows consistently high particle loads during both 
time periods, with daytime concentrations exceeding nighttime con-
centrations by 6 % to 13 %. In particular, vehicle emissions show up to 
23 % greater mass deposition on lung tissue at night, while chloride 
episodes show approximately 21 % greater mass deposition on lung 
tissue during the day, particularly in the early morning hours. This 
research highlights critical policy implications for mitigating the health 
risks associated with air pollution in Delhi, India. First, the results 
highlight the need to incorporate particle characteristics such as effec-
tive density and hygroscopicity into lung deposition models to assess 
lung deposition accurately. The regulatory efforts should prioritize 
measures to reduce emissions from biomass burning and vehicular 
emission sources (Liu et al., 2015; Romshoo et al., 2022) and thus 
potentially reduce lung deposition of harmful ultrafine particles. In 
addition, strategies to reduce industrial emissions and trash burning 
with high chloride contribution are imperative (Gani et al., 2019; 
Gunthe et al., 2021) as they were associated with increased hygroscopic 
growth and, consequently, higher tissue deposition rates. According to 
Glojek et al. (2024), Slovenia’s cement sector has the highest oxidative 
potential (a measure for evaluating exposure) per µg of source for 
chloride concentrations. This suggests the toxic nature of chloride 
aerosol present in the atmosphere. Furthermore, our research empha-
sizes the significance of day-night differences in deposition patterns, 
pointing to the necessity of prompt actions customized for emission 
sources. These findings are ground-breaking for atmospheric science and 
have profound implications for public health and toxicology. Our 
research facilitates more accurate risk assessment and intervention 
strategies by providing novel parameters for interpreting exposure sit-
uations from a toxicological perspective.
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Fig. 6. Comparison of day and nighttime tissue deposition in the total lung. A) 
Tissue-deposited particle number- (TDn) and B) tissue-deposited particle mass 
(TDm), modelled for the total lung surface area (TLSA) surface area during the 
investigative cases biomass-burning (BB), chloride (Cl), vehicular emission 
(HOA), and relatively clean periods (RC). The ratio of day- vs. nighttime is 
listed in Table 3. TD is added with checked patterns for non-hygroscopic par-
ticles with density ρ0 = 1 g cm− 3.
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contribution of fractal morphology to aerosol light absorption in polluted 
environments dominated by black carbon (BC). Npj Clim. Atmospheric Sci. 7, 87. 
https://doi.org/10.1038/s41612-024-00634-0.
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