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 HGF of accumulation mode aerosols

at 85% RH reported the first time from
India.
 Mean HGF_85%100nm and
HGF_85%150nm were 1.27±0.06 and
1.34±0.07), respectively.
 Mean HGF_85% reflected two distinct
varitation at LRH50% and HRH>50%.
 At LRH, HGF_85% correlated linearly
(positive) with f44 and effective
density.
 HGF_85% correlated linearly (inverse)
with f44 and effective density at HRH.
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a b s t r a c t
This study reported results of the wintertime simultaneous measurements of hygroscopic growth factors
(HGFs) and particle-phase chemical composition of accumulation mode particles using a self-assembled
Hygroscopic Tandem Differential Mobility Analyzer (H-TDMA) and an Aerodyne High-Resolution Timeof-Flight Aerosol Mass Spectrometer (HR-ToF-AMS), respectively at a heavily polluted urban atmosphere
of Kanpur, situated in the center of IGP in India. HGFs at 85% relative humidity (RH) and the size-resolved
composition of ambient aerosol particles (dry electrical mobility diameters of 100 and 150 nm) were
investigated. HGF_85% was found to increase with particle size. The relative mass fraction of organic
aerosol (OA) and NH4NO3 are probably the major contributors to the fluctuation of the HGF_85% for both
particle sizes. The HGF_85% of accumulation mode particles were observed to increase from the minimum value observed during the morning until its maximum afternoon value. This study reported two
maximum (early morning and afternoon time) and two minimum values (morning and evening time)
of HGF_85%s. As a consequence, the main reasons for this incremental behavior were, increase in the ratio
of inorganic to OA and oxidation level, f44 (m/z44/OA) of the OA within the particle phase. In context to
the effect of ambient RH, this study reported two distinct variations of mean HGF_85% as the function of
ambient RH. The positive linear relationship at low RH (LRH, RH  50%) was clearly associated with low
OA loading, relatively higher substantial temperature, and wind speed. We also observed increment in
f44, and effective density indicating aging of aerosol. However, HGF_85% was found to inversely decline
as a function of RH at higher RH (HRH, RH > 50%) conditions, which clearly reflect the more significant
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contribution of primary OA and lower oxidation level of OA. Our results show the declining trend in sizeresolved effective density at HRH conditions, confirming the above conclusions.
Ó 2019 Elsevier B.V. All rights reserved.

1. Introduction
Aerosol hygroscopic growth factor (HGF) depicts the response
of aerosol’s physical and chemical properties in atmospheric water
uptake to varying relative humidity (RH) conditions. And, HGF at
an ambient RH condition is essential because it can not only influence the secondary particle formation via aqueous-phase oxidation
due to comparatively more availability of liquid water (Li et al.,
2019; Mandariya et al., 2019; Xu et al., 2017) but also directly
influence the observations of aerosol mass loading and compositions by influencing of impactor cut-off size (Chen et al., 2018), visibility (Charlson et al., 1967), and aerosol optical depth (AOD)
(Attwood et al., 2014). However, its understanding is also essential
in the global models to predict the size distribution better and
scattering properties of aerosols under changing humidity conditions (Randall et al., 2007). Further, HGF is also linked to local visibility in high RH conditions. Since during hygroscopic growth at
high RH conditions, the increased cross-sectional area of aerosols
responsible for scattering light more effectively (Tang and
Munkelwitz, 1994). The Hygroscopic Tandem Differential Mobility
Analyzer (H-TDMA) system has mainly been used to determine the
hygroscopic growth factors (HGF) of size-resolved aerosol
particles.
Fast economic growth and industrialization in the Indo Gangetic
Plain (IGP) in the past decades have led to bad air quality in this
region during wintertime (Chowdhury et al., 2018; Nair et al.,
2007; Wester et al., 2019). Hence, Kanpur, sitting on the center of
IGP, is affected mainly by both local and regional air pollution problems in wintertime (Rai et al., 2016; Rajput et al., 2015, 2016). And,
this high loadings of atmospheric aerosols in winter can lead to
adverse acute and chronic health effects due to the penetration
and deposition of submicron particles in the human respiratory system (Balakrishnan et al., 2019; Dandona et al., 2017; Singh and
Gupta, 2016). Also, recent source apportionment studies at the current site revealed the biomass burning emission is a significant
source to contribute OA loading in this region (Chakraborty et al.,
2015; Chakraborty and Gupta, 2010; Mandariya et al., 2019).
Besides, some studies, including the refractory part of aerosol (Rai
et al., 2016; Rajput et al., 2016, 2015), indicate a lower fractional
contribution of vehicular traffic emission mixed with vehicular
resuspension dust. Besides, measurements of their hygroscopic
properties at sub-saturated conditions, which are crucial for understanding their impact on regional visibility and fog formation, are
not available. However, at IGP, hygroscopicity of ambient aerosols
has been characterized via cloud condensation nuclei (CCN) counter, which is often coupled in the field with other instruments for
bulk or size-resolve chemical composition measurements to
explore the chemical link between hygroscopicity of particles and
its chemical composition; instruments used in parallel or simultaneously include high-resolution time of flight aerosol mass spectrometer (HR-ToF-AMS, say AMS) (for bulk and size-resolve
chemical composition) (Bhattu et al., 2016; Bhattu and Tripathi,
2014), and filter based high volume sampler (Patidar et al., 2012;
Ram et al., 2014). However, few studies at locations in IGP explored
only CCN based hygroscopicity and linked it with activation ratio
(Roy et al., 2017). Furthermore, CCN, coupled with AMS based
size-resolved hygroscopic studies, are in low time resolution and
failed to capture local atmospheric chemistry in sub-saturated

ambient conditions. However, H-TDMA, parallelly coupled with
AMS, has an advantage of high time resolution size-resolved HGF
as well as it is a source of comprehensive chemical measurement
that helps to explore the chemical link of aerosol with HGF.
Although, H-TDMA is only able to provide hygroscopicity information of particles at desired specific sizes, which usually smaller than
350 nm in diameter (Wang and Chen, 2019). However, measurements of their hygroscopic properties at sub-saturated conditions,
which are crucial for understanding their impact on regional visibility and fog formation, are currently not available from this part of
the World. Although a study has been done using publicly available
datasets in Delhi, India (Wang and Chen, 2019).
The hygroscopic growth factors of inorganic species have been
thoroughly characterized and predicted, while HGF of the organic
fraction remains highly uncertain because of the complex composition of organic aerosol and the scarcity of comprehensive laboratory and field data. HGF measurements have been carried out in
various laboratory and field conditions around the globe. Out of
these, several observational findings were related to the particle’s
hygroscopic properties and their link to chemical composition
under different environmental background conditions (Chen
et al., 2018; Hong et al., 2015, 2018; Tritscher et al., 2011). However, recent studies have principally centered on the HGF of OA,
as ambient aerosols commonly contain numerous organic species,
which exhibit various water uptake abilities. Various works considerably examined and reported the hygroscopic properties of
the organic fraction in aerosols worldwide, including boreal forest
(Hong et al., 2015), rural (Chang et al., 2010), and urban background areas (Mei et al., 2013; Wu et al., 2016). They observed that
the oxidation level or oxygen to carbon ratio (O/C ratio) of organic
aerosol (OA) is the significant factor that drives the water uptake
ability of the OA fraction in aerosols. However, knowledge on the
HGF and its dependence on the oxidation level of OA as well as
on ambient RH in urban background areas under high aerosol mass
loading conditions is very limited, for instance in India, where air
pollution has become one of the top environmental concerns in
recent decades (Cusworth et al., 2018) especially in fog dominated
winter. Moreover, no one investigated the effect of ambient RH on
size-resolved HGF (at particular RH) and density.
In this study, we measured the HGFs of accumulation mode particles (100 and 150 nm) and size-resolved chemical composition by
a self-assembled hygroscopic tandem differential mobility analyzer (H-TDMA) and an high-resolution-time-of-flight mass spectrometer (HR-ToF-AMS), respectively, in Kanpur situated at the
center of IGP. This study was carried out to investigate the effect
of ambient RH and particles’ chemical composition on the HGF of
accumulation mode aerosol particles. Also, we focus on identifying
the dependency of HGFs on the oxidation of OA and effective density of size-resolved aerosol.

2. Experimental methods
2.1. Aerosol measurements
Real-time atmospheric aerosol observations were made simultaneously with HR-ToF-AMS (say AMS) and H-TDMA in the winter
season (27th November 2016 – 23rd January 2017) at the Indian
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Institute of Technology (IIT) Kanpur in India (26.5°N, 80.3°E). The
inlet for aerosol measurement was placed outside the window of
the first floor in Centre for Environmental Science and Engineering
(CESE) building at ~10 m above the ground level. Sampled aerosols
were further dried (RH < 15%) in silica gel diffusion dryer and then
divided into two-line, one line for AMS to measure the both bulk
and size-resolved chemical composition of non-refractory submicron particles (NR-PM1) and the second line for H-TDMA to measure the sub-saturated HGF of 100 and 150 nm particles at 85%
RH. The AMS was operated in high-sensitivity V-mode at 600C
vaporizer temperature for the time resolution of 2 min. The AMS
was run alternatively in between two modes: in the mass spectrum (MS) mode the averaged chemical compositions were
obtained by scanning m/z spectrum with time of flight (ToF) spectrometer without size information and in particle time of flight
(PToF) mode m/z based masses were obtained as function of aerodynamic vacuum diameter. The AMS was calibrated for ionization
efficiency (IE) at 350 nm and particle sizing (40–600 nm) with
NH4NO3 particles using a standard protocol. The IE calibration
was carried out before, during, and after the winter campaign.
More detailed explanations of the AMS measurement principles,
mode of operations, and different calibrations can be found elsewhere (Canagaratna et al., 2007; Jayne et al., 2000; Jimenez et al.,
2003). However, a significant drawback of AMS deployment is
missing information on possibly hygroscopic fraction of refractory
road dust and soil dust, which can cause the overestimation of fraction contribution of OA in NR-PM1. Therefore, H-TDMA coupled
parallelly with AMS could cause underestimation of hygroscopic
growth of particles due to missing in the quantification of the salts
of calcium, magnesium, and potassium, which might be both
refractory and hygroscopic (Chen et al., 2018). However, Gupta
and Mandariya (2013) observed crustal sources, contribute nearly
7% in PM1 during winter at Kanpur. This contribution further possibly is low in accumulated size-specific particles, i.e., 100 and
150 nm, and might contribute non-significantly in size-resolved
HGF_85%. As a result, these salts may contribute very low uncertainty in the measurement of accumulated size-specific HGF_85%
reported in subsequent text.
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The schematic diagram of the H-TDMA system is shown in
Fig. 1. The detailed description of the H-TDMA setup can be found
elsewhere (Mishra et al., 2019). We are describing the H-TDMA
setup briefly here. The dried polydisperse aerosols were sent to
first differential mobility analyzer (DMA1, TSI 3080). The DMA1
alternatively selects four different mobility diameters (DO) 100,
150, 200, and 250 nm at an aerosol flow rate of 0.3 lpm of the
non-zero width of the transfer function. Each size stepping was
done after 12 min alternatively. Selected monodisperse particles
were subsequently exposed to 85% RH, in the aerosol humidifier
(single Nafion membrane). Aerosol particles were induced through
the interior of the membrane, while saturated particles free air
flow sent through the outside of the membrane in counterflow
conditions. The resulting grown particles of mobility diameter, D
(RH), were measured with a Scanning Mobility Particle Sizer
(SMPS, TSI-3082) consisting of a second DMA2 (TSI-3080) to measure size and a Condensation Particle Counter (CPC, TSI-3776) to
measure the particle number concentration respectively. The
increase in particle size (D(RH)/DO) is defined as the hygroscopic
growth factor (HGF) of particles. Measurements of DMA2 and
CPC in the space of GF is defined as measurement distribution
function (MDF). MDF covered all the GF range, which can be
obtained by size (D(RH)) scanning with DMA2 while keeping
DMA1 at uniform size-selective mode (DO). One full H-TDMA scan
time was 6 min, out of 6 min, 5 min was DMA2 scan time, and rest
1 min was kept for purging to avoid artifacts between two scans.
DMA2 sheath airflow is introduced through the DMA2 sheath flow
humidifier (multiple Nafion membranes), circulating through the
outside of the membranes to minimize pressure drops. Saturated
airflow circulates through the interior of the membrane, flowing
from top to the bottom. A saturated airflow (5–6 lpm) is generated
with the heated water saturator. The temperature of circulating
water between ambient conditions to 60 C is controlled by a
Proportional-Integral-Derivative (PID) device. Depending on the
RH set-point on Ramp & Soak controller, the 3-way valve mixes
the saturated airflow with dry compressed particle-free air. The
accuracy and performance of the H-TDMA measured with pure
ammonium sulfate aerosols (purity: 99.99%, Sigma-Aldrich), which

Fig. 1. The schematic diagram of the H-TDMA system.
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has well-known GFs for 100 nm at 85% RH before the campaign.
However, aerosol sample drying below 15% RH, was responsible
for the loss of semi-volatile compounds. The evaporation of particulate NH4NO3 mostly occurred in between DMA1 and DMA2 sections cause negative artefacts because of its volatile nature. This
evaporation loss of NH4NO3 can be minimized by keeping line temperature low, short residence time (Gysel et al., 2007) or/and RH
around 30–40% (Wang and Chen, 2019; WMO/GAW, 2016). However, Wu et al. (2016) have observed that these negative artefacts
due to NH4NO3 evaporation could be reduced by restricting data
points with the volume fraction of NH4NO3 and OA below 20%
and higher than 50%, respectively. Here, this study observed that
the overall mean volume fraction of NH4NO3 and OA were
0.12 ± 0.05 (mean ± 1 standard deviation), and 0.84 ± 0.07, respectively for 100 nm particles whereas for 150 nm particles they were
0.15 ± 0.04, 0.80 ± 0.06, respectively. Furthermore, the volume fractions of NH4NO3 and OA in both size particles were observed well
within the limit reported by Wu et al. (2016), possibly indicative of
the fact that HGF_85% reported in subsequent text were less influenced with negative artefacts of NH4NO3 evaporation.
Throughout the whole campaign period, ambient RH and temperature measured by using a temperature and RH sensor (Vaisala,
Inc. Humicap, HMT331 accuracy of ±1% for RH < 90% and ± 1.7 for
90%  RH < 100% RH). Deng et al. (2008) observed nearly 5% of negative bias in RH measurement by instrument under extremely high
RH conditions. Wind speed (WS), and wind direction (WD) measured with a time resolution of 30 min average (Sensors: iNGEN,
accuracy: ±0.5 ms1 (WS), ±5° (WD)). The windrose plot was
drawn by openair in R package (http://www.r-project.org, http://
www.openair-project.org). The 48 h back trajectory (BT) of air
masses reaching Kanpur site at 500 m above the ground at every
hour for the entire study period was estimated by an offline based
Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT4)
model developed by NOAA/Air Resources Laboratory (ARL))
(Draxler and Rolph, 2003). The input meteorological data for BT
analysis were taken from the Global Data Assimilation System
(GDAS 0.5) archive maintained by ARL (http://ready.arl. noaa.gov/
archives.php). After that, by utilizing these estimated BT as input
combined with the measured mass fraction of chemical species
of D100 and D150 particles, Potential Source Contribution Function
(PSCF) analysis was carried out with the help of a tool called Zefir
(V 3.7) written in Igor Pro (WaveMetrics). Detail description
regarding the Zefir tool can be found elsewhere (Petit et al., 2017).
2.2. Validation of H-TDMA
To validate the H-TDMA system, pure ammonium sulphate
((NH4)2SO4) particles were produced by an atomizer (TOPAS atomizer) and a humidogram is established for 100 nm dry electrical
mobility diameter particles to compare with theoretical calculations according to the reported method for H-TDMA calibration
(Gysel et al., 2007; Sjogren et al., 2007; Topping et al., 2005;
Villani et al., 2008). DMA1 was kept at a constant voltage to select
a 100 nm dry mobility diameter. The measurements were made at
60, 70, 80, 85, and 90% RH to study the humidogram. The measured
and calculated growth factors closely matched within the uncertainty range (±0.04) and can be found elsewhere (Mishra et al.,
2019).
2.3. Data analysis
2.3.1. H-TDMA data analysis
A detailed description of the H-TDMA data analysis procedure is
described elsewhere (Gysel et al., 2009) accordingly, only a brief
outline is given here. In this study, the sample flow rate and sheath
to sample flow ratio were kept as 0.3 lpm and 10, respectively, in

H-TDMA. H-TDMA calibration was done at the start, during, and
end of the measurement period by ammonium sulfate (purity:
99.99%, Sigma-Aldrich) particles. The raw data of H-TDMA is then
processed according to the procedure and inversion routine
described by Gysel et al. (2009). A piecewise linear TDMAinv algorithm developed by Gysel et al. (2009) was used to measure
growth factor probability density functions (GF-PDFs) from the
measurement distribution function (MDF). This approach uses a
full TDMA transfer forward function to retrieve the GF-PDF from
the MDF function with a v2 minimization algorithm. Here, the
growth factor (GF) resolution chosen was DG = 0.15 to minimize
the normalized v2 value. GF distribution scans at lower than 80%
or higher than 90% RH were ignored. All filtered GF-PDF (80% < R
H < 90%) were further corrected to RH = 85% following Eqs. (3)
and Eqs. (6) in Gysel et al. (2009). Further, the hygroscopicity factor
(j value, here say jH-TDMA) of size-resolved aerosol from H-TDMA
HGF_85%s was calculated by equation (1) defining j (kappa)Köhler theory (Enroth et al., 2018; Petters and Kreidenweis,
2007) while hygroscopicity parameter associated with OA determined by by simple mixing rule (equation (2)) method (Ogawa
et al., 2016; Petters and Kreidenweis, 2007).

1



jHTDMA ¼ HGF 85%3  1

S


exp



4rMw
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RTqw DO HGF 85%
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where jH-TDMA is the hygroscopicity factor (kappa, j value),
HGF_85% is the HGF of DO particle at 85% RH, S is the saturation
ratio of water and assume, S = RH (in fraction), r is the surface tension of the aerosol liquid droplet-air interface at the droplet composition in N/m and can be assumed similar to pure water, R is the
universal gas constant in J K1 mol1, Mw is the molecular mass
of water, T is the ambient temperature in Kelvin (K), qw is the density of water in kg/m3, and DO is the dry mobility diameter of the
particle in m.

jHTDMA ¼ eNH4 NO3 jNH4 NO3 þ eðNH4 Þ2 SO4 jðNH4 Þ2 SO4 þ eOA jOA
ALWOA ¼ VOA jOA

RH
ð1  RHÞ

ð2Þ
ð3Þ

where eNH4NO3, e(NH4)2SO4, and eOA are the volume fraction of NH4NO3, (NH4)2SO4, and OA, respectively, jNH4NO3, j(NH4)2SO4, and jOA
are the respective hygroscopicity parameters (j value), and VOA is
the volume concentration of OA. The size-resolved aerosol liquid
water content (ALWinorg) as a function of inorganic species mass
concentration, ambient temperature (T), and RH, calculated by
ISORROPIA-II model (Fountoukis and Nenes, 2007) while ALW associated with OA (ALWOA) was calculated by equation (3) (Petters and
Kreidenweis, 2007). ALW of size-resolved aerosol particles calculated by arithmetic addition of ALW associated with inorganics
and OA of aerosol particles.
2.3.2. AMS data processing and size-resolve chemical characterization
AMS unit mass resolution (UMR) and high-resolution (HR) data
were analyzed using AMS data analysis toolkit SQUIRREL (v1.62 D)
and PIKA (v1.22 D), respectively. The AMS measured the particle
size from 40 nm to 700 nm vacuum aerodynamic diameter
(DeCarlo et al., 2004) with 100% transmission efficiency. The
high-resolution data in v-mode were obtained by HR fitting up to
150 m/z and were used for elemental ratio measurement of OA
(Aiken et al., 2008, 2007). The details of the AMS data processing
procedure can be found elsewhere (Canagaratna et al., 2007;
DeCarlo et al., 2006). The different mass concentrations of inorganic salts derived from UMR mass concentration of inorganics
species (Gysel et al., 2007). The volume fraction of species and
effective density of particles varies with particle size. Therefore
volume-fraction-weighted effective densities were calculated for
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bulk aerosol and each size by assuming a dynamic shape factor of
one. The organic density of bulk OA obtained based on HR O:C and
H:C atomic ratio of OA (Kuwata et al., 2012). Size-resolved mass
was derived by performing the integration over the size ranges
of 133–175 and 198–250 nm in Dva corresponding to the geometric
mean of electrical mobility diameter 100 and 150 nm respectively
(Kawana et al., 2017; Yeung et al., 2014). AMS measured the sizeresolved mass of particles in terms of vacuum aerodynamic diameter (Dva) while H-TDMA gives the HGFs based on electrical mobility diameter (Dm). Therefore each Dva size was converted into Dm
size (Zelenyuk et al., 2006).
The degree of oxygenation of OA can be calculated from the ion
fragments in the organic unit mass resolution (UMR) mass spectra.
The m/z44 (mass to charge ratio = 44) signal in UMR is mostly recognized in the ion fragment CO+2 and has been used as a tracer for
low volatile oxygenated organic aerosols (LV-OOA). Moreover, the
m/z43 signal in UMR is associated with the less oxidized C2H3O+
and hydrocarbon C3H+7 fragments. However, due to a relatively
higher contribution of C2H3O+ into m/z43, it has been used as a tracer of semi-volatile oxygenated organic aerosol (SV-OOA). Also, m/
z60 fragment ion in mass spectra has been recognized as a tracer of
levoglucosan, which is a marker of biomass burning OA (BBOA).
Hydrocarbon-like OA associated with vehicular emission can be
identified by the fragment ion m/z57 in UMR, which shows the
presence of an alkyl fragment (mainly C4H+9) (Canagaratna et al.,
2007; Ng et al., 2011a). Consequently, the size-resolved mass fractions of these four ion fragments in the organic UMR mass spectra
(f43, f44, f57, and f60) were obtained from the ratio of the corresponding m/z signal to the total OA signal and were expressed as
a marker of SV-OOA, LV-OOA, HOA, and BBOA, respectively.

3. Result and discussion
3.1. Aerosol hygroscopic growth factor (HGF_85%) and Size-Resolved
chemical composition
Figs. 2 and 3 show the time series of hourly averaged meteorological parameter (in each top two panels (a) and (b)) (relative
humidity (RH), temperature (T), wind speed (WS), and wind direction (WD)), HGF_85% (in each top third panel (c)) and aerosol
chemical properties (in each lower two panels (d) and (e)) of 100
(D100) and 150 nm (D150) DO particles respectively measured during the winter field campaign. Meteorological parameters give an
overview of weather conditions at the study site. The ambient temperature varied from 3.9 to 27.9 °C (mean ± 1 standard deviation:
14.7 ± 4.0). Relative humidity varied from 21.4 to 100% (77.9 ± 17.
3%). This variation in RH affects the particle physical form in the
atmosphere, i.e., solid, semi-solid, metastable, and liquid. Furthermore, wind speed remained low (mean ± 1 standard deviation:
1.04 ± 0.8). Low wind speeds along with shallow planetary boundary layer height (PBL) responsible for a lower value of ventilation
coefficient, prohibit vertical mixing, and that leads to the accumulation of aerosol as Mandariya et al. (2019) observed the lower
value of ventilation coefficient at a similar location in winter season. HGF_85% of 100 (HGF_85%100nm) and 150 nm (HGF_85%150nm)
aerosol particles varied from 1.14–1.49 (1.27 ± 0.06) and 1.18–1.63
(1.34 ± 0.07), respectively, as a result of changes into a mass fraction of its chemical constituents (Fig. 2(c, d) and 3(c, d)). Both sizes
mean HGF_85%s were found statistical different (p < 0.05). The
overall organic aerosol (OA) loading of both size aerosol particles
(D100, D150) varied from 0.2 to 27.6 and 0.6 to 30.5 lg/m3 (mean ± 1
standard deviation: 4.5 ± 3.7, 7.8 ± 5.0 lg/m3), respectively, followed by NH4NO3 (0.8 ± 0.6, 1.7 ± 1.0 lg/m3), and (NH4)2SO4
(0.2 ± 0.3, 0.6 ± 0.5 lg/m3). Besides, the aerosol composition of
both sizes of aerosol was significantly different from each other
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(p < 0.05). In addition, the mass fraction of OA varied from 0.46
to 1.00 (0.81 ± 0.08) and 0.50 to 0.95 (0.76 ± 0.07). Whereas, the
mass fraction for NH4NO3 was (0.15 ± 0.06) and (0.18 ± 0.05), in
D100 and D150 aerosol particles, respectively. Furthermore, the mass
fraction of (NH4)2SO4 was (0.04 ± 0.05) and (0.06 ± 0.04) in D100
and D150 aerosol particles, respectively. Both size aerosol mass
loading was associated with low wind speed, low temperature,
and high ambient RH (Figs. 2 and 3(a, b, and e)). The detailed
description of the relative effects of chemical species will be discussed in a subsequent section. The mean effective density of
D150 (1.44 ± 0.02 g/cm3) aerosols was significantly (p < 0.05) higher
than of D100 (1.42 ± 0.03 g/cm3) particles. The higher density of
D150 than D100 aerosol particles indicates the D150 aerosols are relatively more aged as compared to D100 aerosol particles (Rissler
et al., 2014a). It was also observed that HGF_85%150nm were significantly (p < 0.05) larger than HGF_85%100nm. This finding is
consistent with previous studies (Sjogren et al., 2012; Yeung
et al., 2014) as it is a size-dependent hygroscopic parameter. This
size dependency behavior of HGF_85% was similar to higher inorganic to OA mass fraction ratio of larger size aerosols (D150) as
compared to lower size aerosol (D100) (Fig. 2(d) and 3(d)). This
can also be explained by the inorganics as a major water-soluble
constituent in aerosol and thus measure the aerosol hygroscopic
nature.
3.2. Diurnal variation
The diurnal variability in the HGF of 100 (HGF_85%100nm) and
150 nm (HGF_85%150nm) particles were found more complex. The
diurnal dependency of the mean HGF value for all data of both sizes
of the aerosol is shown separately in Figs. 4 and 5, respectively. Mean
diurnal variability of HGF_85%100nm and HGF_85%150nm (Fig. 4(c) and
5(c)) showed relatively significant change during the daytime, and
revealed a shape which corresponds to the typical daily-activity time
pattern of inhabitants in cities, including particularly the biomass
burning emission and road traffic in Kanpur (Chakraborty et al.,
2018). It consists of two minima at approximately 9:00 (mean
HGF_85%100nm = 1.247, and HGF_85%150nm = 1.324) and 19:00 (mean
HGF_85%100nm = 1.231 and HGF_85%150nm = 1.298), which agree with
the heaviest vehicle traffic (morning and evening rush hours). This
diurnal pattern of the minimum values was also significantly well
correlated with the maximum value of f55 (ratio of m/z55 to total
OA concentration (with a correlation coefficient of R100nm = 0.19
and R150nm = 0.86 for 100 and 150 nm particle respectively) and
f57 (ratio of m/z57 to total OA concentration (with a correlation coefficient of R100nm = 0.57 and R150nm = 0.88) as shown in Fig. 4(b) and
5(b), which is associated with hydrocarbon-like OA (HOA) (Ng et al.,
2010). HOA in urban areas almost always associated with vehicular
emissions and primary combustion sources (e.g., vehicular tailpipe
exhaust, biomass burning emissions) (Duplissy et al., 2011), supported by peak value of f55, f57, and f60 (Ng et al., 2011) during corresponding time (Zhang et al., 2005). Primary combustion emitted
nearly hydrophobic or less hygroscopic particles such as black carbon and OA emitted directly from local primary sources, which
inversely affect the HGF_85% (Wang et al., 2018). Also, this minima
of HGF_85% might be attributed to traffic dust and black carbon. In
continuation some recent studies have observed a black carbon concentration peak at the same time during the morning and evening
hours at the same location in wintertime (Kanawade et al., 2014;
Shamjad et al., 2015) and reported that this peak in black carbon concentration attributed to the primary emissions, i.e., traffic, biomass
burning emissions, and biofuel burning emissions in the local vicinity of the sampling site (Kanawade et al., 2014). One more recent
study (Rai et al., 2016) at the same location in winter, observed
vehicular emission mixed with crustal dust contribute nearly 11%
in PM1. Also, the resuspension dust due to road traffic is combined
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Fig. 2. The time series of (a) Relative humidity (RH), temperature (T), (b) wind speed (WS) and wind direction (WD), (c) effective density and hygroscopic growth factor
(HGF_85%100nm) of 100 nm size particles, (d) mass fraction of organic aerosol (OA), ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 100 nm size particles,
and (e) mass concentration of organic aerosol (OA), ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 100 nm size particles.

with mineral dust, brake wear, tire wear, vehicular emissions, and
construction dust (Aatmeeyata et al., 2009; Karanasiou et al.,
2014). Further a laboratory study by Koehler et al. (2009) reported
that size-selective particles of a different kind of mineral dust, i.e.,
Arizona test dust (100 and 200 nm diameter) and Saharan dust
(200 nm diameter) exhibited very less HGFs (nearly hydrophobic)
and possible due to restructuring of particle. This implies that the
minimum value of HGF_85%100nm and HGF_85%150nm during diurnal
variation was most probably due to vehicular emissions. Our jHTDMA values (Morning rush hour (0.098 ± 0.024 (100 nm), 0.133 ± 0.
025 (150 nm)); Evening rush hour (0.091 ± 0.022 (100 nm), 0.121 ±
0.028 (150 nm))) also agree well with the j value (0.06 < j < 0.12)
fresh and aged particles emitted from a diesel engine (Tritscher
et al., 2011). The high mass fraction of OA (Fig. 4(c) and 5(c)) (correlation with HGF_85%100nm, R = 0.80, p < 0.05 and HGF_85%150nm,
R = 0.88, p < 0.05) and f60 (ratio of m/z60 to total OA concentration,
correlation with HGF_85%100nm, R = -0.52, p < 0.05 and
HGF_85%150nm, R = 0.91, p < 0.05) also supports it. f60 is associated
with biomass burning emissions (Ng et al., 2010), and a negative correlation of f60 and f73 signifies the effects of primary biomass burning OA (BBOA).

D100 and D150 size particles revealed their maximum HGF_85%
in the early morning hours and minimum value during evening
hours (Figs. 4 and 5, respectively). It can be explained by the
noticeable slowdown in the strength of primary emission sources
from midnight to early morning, as indicated by a substantial
decrease in m/z55 and 57, f60, and f73. Also, considerable
enhancement in the effective aerosol density due to continued
aerosol processing during this time period supports it as well as
signify the substantial aging of aerosol. These findings are different from those found in some other studies in urban air. Hong
et al. (2015) observed the different diurnal variability than the
present study for the same size of particles. Since they reported
an evident diurnal variation of 100 and 145 nm size particles
HGF, with lowest during the early morning hours (around
3:00 h), followed by a steady increase until afternoon, when it
started to decrease further. These differences from the current
study can be likely explained by the fact that the locations of
study (Boreal forests emit enormous amounts of volatile organic
compounds (VOCs)) and gas-phase chemistry of these VOCs,
which produce condensing vapors and temperature-dependent
gas-to-particle partitioning will be enhanced during the presence
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Fig. 3. The time series of (a) Relative humidity (RH), temperature (T), (b) wind speed (WS) and wind direction (WD), (c) effective density and hygroscopic growth factor
(HGF_85%150nm) of 150 nm size particles, (d) mass fraction of organic aerosol (OA), ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 150 nm size particles,
and (e) mass concentration of organic aerosol (OA), ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 150 nm size particles.

of sunlight. Fan et al. (2019) also observed the minimum value of
HGF150nm in the nearly similar evening time (18:00 h) and attributed this values for a high fraction of hydrophobic particles
reflects abundant primary OA (traffic emissions and cooking
sources) during winter in urban Beijing although these measurements were carried out at 90% RH. Also, they found higher HGF
during nighttime and early morning similar to the current study,
due to the dominancy of more hygroscopic mode particles and
attributed it with aqueous-phase oxidation or condensation
process on pre-existing particles under lower temperature and
higher RH. Also, (Chen et al., 2018a) reported a nearly similar
diurnal pattern of HGF_85% for 100 nm wildfire haze particles.
Furthermore, they found similar relationships of HGF_85%
with inorganic to organic ratio, f44, f44/f43, OA, and BBOA.
Furthermore, HGF_85% reconstructs its maximum value (1.295
(100 nm) and 1.403 (150 nm)) in the afternoon (15:00) following
lower values in morning rush hours. This daytime enhancement in
HGFs is clearly associated with photooxidation aging of aerosol. It
can be supported by good correlation of diurnal variation of mean
HGFs with f43 and f44, which are associated with semi-volatile
oxygenated organic aerosol (SV-OOA) and low volatile oxygenated

organic aerosol (LV-OOA) respectively (Ng et al., 2011b). The f44
to f43 ratio increases during oxidation of OA (Ng et al., 2010).
Although the comparatively higher solar radiation in afternoon
hours favors more intense photooxidation processes and favor
the partitioning of relatively more oxidized organics on the particulate surface under lower OA loadings than higher OA loadings.
The diurnal variation of HGF_85% for both sizes exhibited good
correlation with the diurnal ratio of f44 to f43, as shown in
Fig. 4(b, c) and 5(b, c), supported the above findings. Also, the
f44 started to increase after midnight and it peaked during the
early morning and hence contributed in the enhancement of
HGF_85% (Massoli et al., 2010; Duplissy et al., 2011) since the
hygroscopicity of OA has been observed to be higher for larger
f44 in laboratories study (Tritscher et al., 2011) and field study
(Yeung et al., 2014).
The diurnal variation in ambient RH and ALWC also alter the
chemical as well as oxidative properties of OA (Sun et al., 2013;
Mandariya et al., 2019; Xu et al., 2017), causing changes in hygroscopicity of OA (Kawana et al., 2016), probably reflect to change in
HGF_85%. The relative effect of RH on HGF_85% will discuss in subsequent text. Further, effective density of both size of aerosol also
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Fig. 4. Diurnal variation of (a) Relative humidity (RH), temperature (T), effective density of 100 nm size particles, (b) f43 (m/z 43/OA), f44 (m/z 44/OA), f55 (m/z 55/OA), f57
(m/z 57/OA), f60 (m/z 60/OA), and f73 (m/z 73/OA) of 100 nm size particles, and (c) hygroscopic growth factor (HGF_85%100nm), mass fraction of organic aerosol (OA),
ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 100 nm size particles.

Fig. 5. Diurnal variation of (a) Relative humidity (RH), temperature (T), effective density of 150 nm size particles, (b) f43 (m/z 43/OA), f44 (m/z44/OA), f55 (m/z 55/OA), f57 (m/
z 57/OA), f60 (m/z 60/OA), and f73 (m/z 73/OA) of 150 nm size particles, and (c) hygroscopic growth factor (HGF_85%150nm), mass fraction of organic aerosol (OA), ammonium
nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) of 150 nm size particles.

A.K. Mandariya et al. / Science of the Total Environment 704 (2020) 135363

revealed almost similar diurnal pattern as followed by HGF_85%s,
f43, and f44 (Fig. 4(a) and 5(a)) as during the aerosol aging process
effective density of aerosol enhanced, moreover, primary particles
exhibit lower density as compared to oxidized aerosol (Rissler
et al., 2014b). The diurnal pattern of HGF_85%s is also the reflection
of changes in particle chemical composition. Also, analysis of variance (ANOVA) indicates statistically significant (p < 0.05) variation
by time of day for HGFs and mass fraction of OA, NH4NO3, and
(NH4)2SO4. The incremental behavior of HGF_85% during early
morning and afternoon time also clearly associated with enhancement and decrement in the mass fraction of inorganic salts and OA,
respectively, in particles (Kawana et al., 2016). Furthermore, this
diurnal behavior also supported by variation of inorganic to
organic (Hong et al., 2014). Also, 150 nm aerosol particles had a larger magnitude of hourly mean HGF_85% variability than the
100 nm particles.
3.3. Influence of ambient RH on HGF_85% and chemical composition
Fig. 6 illustrates the overall daytime mean variation of mass
fraction of NR-PM1 species, OA evaluation markers (f43, f44,
f57, and f60), and HGF_85%100nm and HGF_85%150nm separately,
as a function of RH throughout the observed period. Both
HGF_85%100nm and HGF_85%150nm observed two distinct trends
at low RH levels (LRH) and high RH levels (HRH), as shown in
Fig. 6(c and d). The overall HGF_85% appear positively and inversely linearly dependent as a function of RH at LRH (RH  50%),
and HRH (RH > 50%), respectively, reflects the substantial changes
in the chemical properties of both size particles. However, mean
HGF_85%150nm observed significantly (p < 0.05) higher than
HGF_85%100nm. Furthermore, in contrast, to examining this distinct HGF_85% variation with LRH and HRH, we plotted the chemical composition of aerosol particles, aerosol density, and OA
evaluation markers (f43, f44, f57, and f60) as shown in Fig. 6.
We found a statistically significant (p < 0.05) variation of all
chemical species with RH. The two distinct variations in OA were
observed at LRH and HRH. In the LRH domain, when ambient RH
increases, OA fractional contribution reduce by 7% and 9% in D100
and D150 particles, respectively. Besides in HRH estate, it gets
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enhanced nearly by 24% and 18% in 100 and 150 nm aerosol particles, respectively. This substantial increment indicates a change
in the relative contribution of primary and secondary OA in particles. In continuation, to identify the type of OA component (primary or secondary) that contributed more to the HRH domain, we
also evaluated f57, f60, f43, and f44 as a function of RH. We
observed dominancy of secondary OA reduction in aerosol as
indicated by the reduction of f43 (SV-OOA) and f44 (LV-OOA)
by 20% and 31%, respectively, in D100 particles. Similarly, D150 particles also witnessed a reduction of 11% and 18% in f43 and f44,
respectively. However, primary OAs, i.e., HOA and BBOA, contribution to OA, got raised in both size particles, supported by
enhancement in f57 (HOA) and f60 (BBOA) by 20% and 43%,
respectively in D100 particles and by 22% and 37%, respectively
in D150 particles. Therefore, above results suggest that the relative
enhancement in the loading of primary OA components as compared to fall in SOA contribution, most probably was responsible
for the decline of HGF_85% of both size particles at HRH. Apart
from, HOA contribution raised as indicated by an increment
(69%) of f57 while BBOA shares decreased as f60 reduces by
23% in D100 particles at LRH. These two primary OA components
most probably counteract each other’s effects on HGF_85%. In
continuation, share of both SOA components SV-OOA and LVOOA, overall increased in OA as indicated by an increment of
7% and 24% in f43 and f44, respectively. A similar trend also
observed in D150 particles at LRH domain. The variation of an
inorganic to organic ratio can also explain these different trends.
The net increment by 31% (D100), 39% (D150), and decrement by
nearly 63% (D100) and 46% (D150) in this ratio, also responsible
for this type of trend (Hong et al., 2014). The inverse relationship
of f60 to f43 and f44 also support these findings as these relationships indicate the negative impact of relatively fresh BBOA to HGF
as fresh BBOA is less hygroscopic as compared to which more
aged. These results are consistent with other worldwide studies
(Duplissy et al., 2011; Hong et al., 2018). Furthermore, to observe
the potential source for mass loading of varies chemical species,
we performed PSCF by combining BTs with the mass fraction
(mf) of different chemical species. Fig. 7 specifies the probability
of potential sources related to the mass fraction of D100 particles

Fig. 6. Variation of daytime mean value various parameters (a), (b) effective density, f43 (m/z 43/OA), f44 (m/z 44/OA), f57 (m/z 57/OA), and f60 (m/z 60/OA), and (c), (d)
hygroscopic growth factor (HGF_85%), mass fraction of organic aerosol (OA), ammonium nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) as a function of ambient
relative humidity (RH). The circle represents an RH bin averaged data point for 100 nm particles, whereas square indicates the RH bin averaged data points of 150 nm
particles. The dotted line represents the regression line of HGF_85% Vs. %RH.
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constituents (OA, NH4NO3, and (NH4)2SO4) and marker of OA factors (SV-OOA, LV-OOA, BBOA, and HOA) in terms of a color bar.
Similar plots were observed for D150 particles also (not shown
here). The areas with high probability values were explained as
the potential area source of D100 particles constituents and OA
factors. As shown in Fig. 7(b and h), NH4NO3 was transported
to the site from distant locations source. Whereas, (NH4)2SO4
aerosol was contributed from local sources. However, OA loading
was dominated by nearby local sources, as illustrated in Fig. 7(a).
In addition, LV-OOA, HOA, and BBOA at the site were governed
largely by local sources (Fig. 7 (h, d, and f, respectively). However,
SV-OOA (Fig. 7(c)) was also influenced by distant sources in addition to local sources. It means that local emission sources

dominated the current site during wintertime. Also, as shown in
Fig. 7(a, c, h, and e), the high OA loading source contributed to
low oxygenated OA. Besides, the wind rose diagram, as shown
in Fig. 7(e), indicates little influence of the distant regional
sources.
Further to support the above conclusions, we plotted RH bin
mean f44, f57, f60, the mass fraction of NR-PM1 species, and aerosol density against the mean of RH bins HGF_85% as shown in
Fig. 8. We found f43, f44, inorganics mass fraction, and aerosol
density positively correlated with HGF_85%s in the function of
the RH bin. This is also supported above results and consistent
with other studies (Massoli et al., 2010). Similarly, f57 and f60 also
show a negative effect on HGF_85%s (Fig. 8(c and f). A possible

Fig. 7. Association of the relative mass contribution of various chemical species (a) organic aerosol (OA), (b) NH4NO3, (c) f43 (m/z 43/OA), (d) f57 (m/z 57/OA), (f) f60 (m/z 60/
OA), (g) f44 (m/z 44/OA), (h) (NH4)2SO4, in 100 nm particles with air mass trajectories (BT), and (e) windrose diagram.
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Fig. 8. Variation of daytime RH bin mean value of various parameter’s (a), (d) mass fraction of OA, NH4NO3, and (NH4)2SO4, (b), (e) f43 (m/z 43/OA) and f44 (m/z 44/OA), and
(c), (f) f57 (m/z 57/OA), f60 (m/z 60/OA), and aerosol density in the function of hygroscopic growth factors (HGF_85%). The circle represents a data point for 100 nm particles,
whereas square indicates the data points of 150 nm particles. The color-coded dashed lines represent the regression line of the corresponding parameter with HGF_85%.

applicant for this effect could be carbonaceous material emitted
from local automobile exhaust during rush hours, and nighttime biomass burning with soot and water-insoluble organics as
the major components (Hong et al., 2018; Kawana et al., 2016).
Furthermore, inorganic species mass fraction also showed a positive correlation with HGF_85%s, consistent with the previous
study at a similar location (Bhattu and Tripathi, 2015). And, inorganic to an organic ratio of particles is also a better way to explain
these different trends of HGF_85% for LRH and HRH domain. At
LRH, there was an overall increment in this ratio by 31% and
39% in D100 and D150 particles, respectively. Whereas, overall
decrement of nearly 63% and 46% was observed in corresponding
particle size (Hong et al., 2014). Inorganic salts are considered
more hygroscopic than OA in nature; therefore, inorganic to an
organic ratio indicates the hygroscopic nature of aerosol (Hong
et al., 2014).
Fig. 6. Variation of daytime mean value various parameters (a),
(b) effective density, f43 (m/z43/OA), f44 (m/z44/OA), f57 (m/z57/
OA), and f60 (m/z60/OA), and (c), (d) hygroscopic growth factor
(HGF_85%), mass fraction of organic aerosol (OA), ammonium
nitrate (NH4NO3), and ammonium sulfate ((NH4)2SO4) as a function of ambient relative humidity (RH). The circle represents an
RH bin averaged data point for 100 nm particles, whereas square
indicates the RH bin averaged data points of 150 nm particles.
The dotted line represents the regression line of HGF_85%
Vs. %RH.
Further, to evaluate the effect of aqueous-phase processing on
the aerosol’s HGF, we looked relation of volume fraction of aerosol
liquid water content (ALWVF) in NR-PM1 with HGF and aerosol
properties. The ALWVF varies substantially from around 10 to 74%.
We observed mean RH bin OA mass fraction enhancement in both
sizes of the aerosol is also positively well correlated to ALWVF, as

shown in Table S1. In subsequent, f60 (BBOA) and f57 (HOA) dominancy increases as a function ALWVF, also supported by the good
positive correlation of f60 and f57, respectively, with ALWVF. This
can be explained by enhancement in the condensation process during relatively higher RH and lower T environment at higher RH bins,
which could be responsible for a better driving force to grow the
particles via condensation (Seinfeld and Pandis, 2006). ALW is an
abundant aerosol constituent and remains present in the condensed phase at the aerosol surface as a function of RH, temperature, and aerosol chemical composition (Zhou et al., 2011).
Mandariya et al. (2019) reported OA loading as well as BBOA mass
fraction in OA, enhanced during high RH and low T environment in
wintertime, and alter the oxygen to carbon ratio either positively or
negatively at the current site. This positive and negative impact on
oxygen to carbon ration depends on the proportional contribution
enhancement in primary OA and secondary OA (Mandariya et al.,
2019) as high ALWC also favored the aqueous-phase formation
pathway of SOA (Xu et al., 2017). Besides, f44 (a marker of LVOOA) and f43 (SV-OOA) were showed an inverse correlation with
ALWVF (Table S1). This correlation probably indicated the relatively
more considerable contribution of primary OA over the formation
of SOA in the presence of larger ALWVF. However, the f44 indicates
the aging of OA. So, as a reflection of it, probably HGF showed
increasing trend at LRH due to decline in OA loading, while negative
trend at HRH, which has shown the negative impact on the oxygen
to carbon ration of OA (Chakraborty et al., 2016). Worldwide many
studies showed positive linear relationship of hygroscopicity factor
(j) with oxygen to carbon ratio of OA (Hong et al., 2018; Kawana
et al., 2016; Cerully et al., 2015; Sjogren et al., 2012; Duplissy
et al., 2011; Massoli et al., 2010). Also, Bhattu and Tripathi (2015)
reported a positive linear relationship between j and oxygen to
carbon ration of OA at the current location.
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4. Conclusions
In this study, hygroscopic growth factors (HGF_85%s) at 85% RH
were quantified for ambient aerosol particles with dry mobility
diameters of 100 and 150 nm in situ by using an H-TDMA system
in Kanpur, situated at the center of IGP during fog dominated winter time. The HGF_85% measurements were supported by an HRToF-AMS to obtain information on the size-resolved chemical composition of the aerosols and meteorological sensors, which were
operated in parallel. We reported temporal variation in H-TDMA
based HGF_85% first time in India. Our study is emphasizing the
role of ambient RH on the HGF_85% and chemical composition of
100 and 150 nm aerosol particles. IGP faces several fog episodes
every year during winter, which adversely impacts on the human
health, climate, air quality, and economy of the region.
The observed HGF_85% at 85% RH ranged from 1.14 to 1.49
(HGF_85%100nm, mean: 1.27 ± 0.06) and 1.18 to 1.63
(HGF_85%150nm, mean: 1.34 ± 0.07) for 100 and 150 nm aerosol
particles, respectively. This mean value of HGF_85%100nm was significantly lower than that of the mean value of HGF_85%150nm.
The higher value of HGF_85%150nm than HGF_85%100nm indicates
that 150 nm particles retain more liquid water than 100 nm particles per unit of dry volume, which probably is associated with the
particle’s chemical composition (Raoult effect). Besides 100 nm
(mean inorganic to OA ratio: 0.25 ± 0.14), aerosol particles were
more enriched with organics as compared to 150 nm (mean inorganic to OA ratio: 0.33 ± 0.14) particles.
The HGF_85% of both size particles revealed an evident dynamic
variation, consists of two minima, followed the typical diurnal pattern of heavy vehicle traffic (morning and evening rush hours),
local biomass burning emissions, and the mixing of locally emitted
and long-range transported aerosols. Moreover, an enhancement
to the HGF_85% from morning minimum value to the maximum
afternoon value reflects the consequence of partially oxidized
organic compounds and relatively significant-high inorganic
content.
In contrast to the impact of ambient relative humidity on the
HGFs, we observed two distinct relationships between mean
HGF_85% and RH, first positive linear at LRH (RH  50%) and second inverse linear at HRH (RH > 50%). LRH relationship was clearly
associated with a larger inorganic to organic ratio, and a high contribution of SV-OOA (f43) and LV-OOA (f44). However, HRH inverse
relationship revealed to lower inorganic to organic ratio and higher
contribution of HOA (f57) and BBOA (f60). Also, HRH periods were
associated with high aerosol loading and high ALWVF. We also
reported that the mean values of HGF as a function of RH of both
size particles were positively correlated to inorganic mass fraction,
oxygenated OA marker (f43 and f44), and aerosol particle density
while inversely correlated to OA mas fraction, and primary OA
marker (f57 and f60).
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