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Abstract. An ultraviolet aerodynamic particle sizer (UVAPS) was continuously operated for the first time during two
seasons to sample the contrasting winds during monsoon and
winter to characterize the properties of fluorescent biological aerosol particles (FBAPs), at a high-altitude site in India. Averaged over the entire monsoon campaign (1 June–
21 August 2014), the arithmetic mean number and mass concentrations of coarse-mode (> 1 µm) FBAPs were 0.02 cm−3
and 0.24 µg m−3 , respectively, which corresponded to ∼ 2
and 6 % of total aerosol loading, respectively. Average FBAP
number size distribution exhibited a peak at ∼ 3 µm, which
is attributed to the fungal spores, as supported by scanning electron microscope (SEM) images, and these results
are consistent with previous studies made for FBAPs. During 11 weeks of measurements the variability of the total
coarse-mode particle number (TAP) concentration was high
compared to that observed in FBAP number concentrations.
The TAP and FBAP number concentrations measured at this
site were strongly dependent on changes in wind direction

and rainfall. During periods of westerly/southwesterly winds
with heavy persistent rainfall, the TAP and FBAP concentrations exhibited very low values (1.3 and 0.005 cm−3 , respectively) with no significant diurnal variations, whereas during periods of northerly winds with scattered rainfall FBAPs
exhibited relatively high concentration values (0.05 cm−3 )
with pronounced diurnal variations, which were strongly
coupled with diurnal variations in meteorological parameters. The campaign-averaged FBAP number concentrations
were shown to correlate with daily patterns of meteorological parameters and were positively correlated with relative humidity (RH; R 2 = 0.58) and negatively with temperature (R 2 = 0.60) and wind speed (R 2 = 0.60). We did not
observe any significant positive correlation with precipitation as reported by previous researchers from selected areas.
These measurement results confirm the fact that the ratio of
PBAPs to TAP is strongly dependent on particle size and location and thus may constitute a significant proportion of total aerosol particles.
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Introduction

Aerosols are generally defined as a colloidal system of solid
or liquid particles suspended in a gaseous medium (Fuzzi et
al., 1997; Pöschl, 2005) and are ubiquitous in the Earth’s atmosphere. The term “primary biological aerosol particles”
(PBAPs; sometimes also referred to as bioaerosols or biological aerosols) describes a subset of solid airborne particles
originating from biological organisms, including viruses,
pollen, microorganisms (bacteria, fungal spores, etc.) and
protozoa or algae, together with fragments of biological materials such as animal dander and plant debris (Artaxo and
Hansson, 1995; Coz et al., 2010; Després et al., 2007, 2012;
Elbert et al., 2007). Bioaerosols can range in size from a few
nanometers to a few hundred micrometers in aerodynamic diameter, Da (Coz et al., 2010; Després et al., 2012; Jones and
Harrison, 2004; Matthias-Maser and Jaenicke, 1994). PBAPs
have been shown to constitute 14–70 % of the total number
of coarse-mode particles and around 20–24 % of the total
mass of PM10 (particulate matter with size ≤ 10 µm; Elbert
et al., 2007; Després et al., 2012; Pöschl et al., 2010; Huffman et al., 2012). Furthermore, it is likely that the surface
structure, ice nucleating proteins, and other characteristics of
bioaerosols can influence the heterogeneous ice nuclei (IN)
formation at relatively high temperature levels (Morris et al.,
2004, 2014). Bioaerosols can thus act as giant cloud condensation nuclei (GCCN), thus affecting the hydrological cycle
(Andreae and Rosenfeld, 2008; Möhler et al., 2007). It is also
known that pollen and spores associated with various plants
and fungi are dispersed in air, resulting in the distribution and
transfer of genetic material over large distances (Huffman et
al., 2010; Elbert et al., 2007; Hallar et al., 2011; Burrows et
al., 2009). A side-effect of such transport and distribution is
that they can play a negative role in public health. Pathogenic
fungi have long been recognized as major threats to animal
health and plants including crops, severely jeopardizing food
security (Fisher et al., 2012, and references therein).
The last decade has experienced substantial development
and application of advanced online and offline techniques for
studying the characteristic properties of bioaerosols in both
the field and laboratory (Fröhlich-Nowoisky, et al., 2009;
DeLeon-Rodriguez et al., 2013; Prenni et al., 2009; Huffman
et al., 2010, 2012, 2013; Schumacher et al., 2013; Pöhlker
et al., 2012, 2013). Instruments utilizing laser-induced fluorescence (LIF) have been frequently deployed in the field,
enabling real-time characterization of the number size distribution of primary biological aerosol particles (PBAPs) with
high time and size resolution. However, instruments based
on LIF do not provide detailed information directly about
PBAPs or the origin of particles, but provide broadly categorized information due to a mixture of biological fluorophores,
each detected with varying efficiency (Pöhlker et al., 2012,
2013). Most fluorescent biological aerosol particle (FBAP)
measurements have shown that the dominant size range for
PBAP number size distribution is 1–4 µm, with concentraAtmos. Chem. Phys., 16, 9805–9830, 2016

tion varying within a factor of 10 (Gabey et al., 2011, 2013;
Healy et al., 2014; Huffman et al., 2010, 2012, 2013; Saari
et al., 2015; Schumacher et al., 2013; Toprak and Schnaiter,
2013; Yu et al., 2016). As studied and described by Huffman
et al. (2010), based on 4 months of measurements in central
Europe, the signal detected by a UV-APS (ultraviolet aerodynamic particle sizer) was defined as FBAPs. Hence, the term
“FBAP” is used as a lower limit proxy for PBAPs, biological
aerosols, biological aerosol particles, bioaerosols and similar
terms mentioned in this study.
Despite such instrumental advancements as described
above, studies related to the quantification of bioaerosols and
their role in climate and human health have been extremely
limited in space and time. This is particularly true for the Indian subcontinent, which contains ∼ 18 % of the world’s total
population, where studies related to the bioaerosols are relatively few and with analysis performed only by traditional
techniques (Bhati and Gaur, 1979; Chakraborty et al., 1998;
Gangamma, 2014; Srivastava et al., 2012; Sharma and Rai,
2008; Pachauri et al., 2013; Valsan et al., 2015; Ansari et al.,
2015; Adhikari et al., 2004). The abundance of bioaerosols,
which are strongly dependent on location and season, remains poorly characterized over the Indian subcontinent and
needs to be addressed systematically.
Additionally, investigating and quantifying the role of
bioaerosols over the Indian sub-continent is important due
to its diverse land-use pattern and the unique climatic condition experienced in terms of two monsoon seasons associated
with two distinct synoptic-scale wind patterns. The concentration of fluorescent aerosol particles in a semi-arid forest
in the western USA was shown to increase during and after
rainfall (Huffman et al., 2013). Rainfall-triggered increase
in bioaerosol concentration can potentially enhance further
precipitation by convective upward movement of bioaerosols
into clouds where they can serve either as IN or GCCN
(Schumacher et al., 2013; Huffman et al., 2013). Thus, the
bioaerosols emitted during monsoon rainfall could potentially play an important role in cloud and precipitation formation over India (Ansari et al., 2015).
Therefore, it is very important to understand and quantify the role of bioaerosols in cloud and precipitation formation during monsoon and convective rainfall. Additionally,
bioaerosols over the Indian sub-continent can directly impact
society through the spread of diseases and indirectly due to
increased risk of loss of agricultural output due to emerging
diseases caused by the fungi (Fisher et al., 2012).
Studies involving characterization of bioaerosols using advanced techniques over this region are important to understand and quantify the impact of bioaerosols on regional biodiversity with larger implication for human and ecosystem
health. With this motivation we have deployed a UV-APS for
the detection and measurement of number size distribution of
PBAPs at a high-altitude site of Munnar in the Western Ghats
of southern tropical India during the southwest monsoon season for ∼ 3 months. To our knowledge this study presents the
www.atmos-chem-phys.net/16/9805/2016/
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first ambient measurement investigation involving UV-APS
for multiple months over the Indian subcontinent.
2
2.1

Methods
Site description

Measurements were performed to sample the air masses
(see Sect. 2.2) from a high-altitude site (Munnar; 10.09◦ N,
77.06◦ E; 1605 m a.m.s.l. – above mean sea level – Fig. 1)
located in the Western Ghats region of southern, tropical India, just 90 km away from the Arabian Sea. The observational
site is located on a hill with a valley towards the south and a
small mountain towards the north surrounded by dense vegetation including tea gardens and eucalyptus trees. Climatologically this region is classified as subtropical highland with
dry winters and is listed as the Shola forest-grass ecosystem
as defined in the land-use type terminology (Fig. S1 in the
Supplement). The Western Ghats, one of the eight mountain ranges in India and identified as one of the most significant hotspots of biodiversity (Myers et al., 2000) in the
world, originates near the border of Maharashtra and Gujarat,
running ∼ 1600 km towards the south, parallel to the western coast through the states of Gujarat, Maharashtra, Karnataka, Kerala, and Tamilnadu, ending at the southern tip
of India near Kanyakumari. This mountain range separates
the coastal plain from the Deccan plateau, making the western coastal plain a narrow land strip with a maximum width
of ∼ 110–120 km sandwiched between the Western Ghats
and the Arabian Sea. During the southwest monsoon season
(June–September) the southwesterly, moisture laden winds
are intercepted by the Western Ghats, causing persistent and
heavy rainfall on the windward side of these mountains. This
causes the washout and wet deposition of the pollutants in
the coastal strip (Kerala) emitted due to anthropogenic activities, thus bringing clean marine influx with minimum impact of anthropogenic emissions (Satheesh and Srinivasan,
2002). Therefore, during this particular season this observational site can be regarded as relatively pristine, as compared
to any other operational high-altitude observatory/site in the
Indian tropical region (Shika et al., 2016).
2.2

General meteorology

Southern India nominally experiences two monsoon seasons, the southwest (SW) monsoon and the northeast monsoon (NE; November–January), which are strongly associated with the movement of the Inter-Tropical Convergence
Zone, the ITCZ (Kanawade et al., 2014). The SW monsoon
winds bring relatively clean marine influx over the continent
from the Arabian Sea when the ITCZ moves northwards,
reaching 30◦ N during July (Naja and Lal, 2002). These air
masses originate over the Indian Ocean and travel thousands
of kilometers over the ocean, including the Arabian Sea, before reaching the observational site. The southward movewww.atmos-chem-phys.net/16/9805/2016/

9807

ment of ITCZ reaching up to the Equator is associated with
the NE monsoon, which is also marked as the winter season
in India occurring from October to January, when the prevailing winds predominantly blow in the northeasterly direction.
The measurement site of Munnar receives more than 85 % of
its annual rainfall during the SW monsoon season and experiences scattered rainfall events during the NE monsoon. The
detailed meteorological parameters measured during the field
measurement campaign carried out during the SW monsoon
season at Munnar are discussed below.
2.3

Real-time fluorescence measurement

Biological aerosol particles at Munnar were measured using
a UV-APS (TSI Inc. model 3314) as per the standard instructions given in the technical manual. The detailed description
of the instrument, including operating principles, field operation, data analysis protocol, and critical operational parameters, is given elsewhere (Kanaani et al., 2007, 2008; Agranovski et al., 2003, 2004, 2005; Brosseau et al., 2000; Huffman et al., 2010, 2012; Hairston et al., 1997).
Briefly, the instrument is capable of measuring aerosol particles in the aerodynamic diameter (Da ) range of 0.5–20 µm
over 52 channels by measuring the time-of-flight of particles
between two He–Ne red lasers (λ = 633 nm). Once the particle size is determined, each particle is excited using an ultraviolet Nd:YAG laser (λ = 355 nm) and fluorescent emission
is measured in the range of 420–575 nm. The spectrally unresolved total fluorescence is recorded for each individual particle in 1 of 64 channels. The UV-APS measurements were
obtained at 5 min intervals (recording a total of 22 280 sampling points during the entire measurement campaign) with
a volumetric flow rate of 5 L min−1 at ambient temperature
and pressure. All times reported in this study were Indian
Standard Time (IST).
Sampling was performed at a building of the College of
Engineering, Munnar, Kerala. The sampling inlet was approximately 2 m above the rooftop of the building and 8 m
above the ground level. The sampling inlet was connected
to the UV-APS, which was placed next to the window inside a room using 3 m of 6.35 mm OD stainless steel tubing. To minimize the particle losses due to impaction resulting from sharp bends, electrically conductive silicon rubber
tubing (∼ 1.5 m; 12 mm inner diameter) was attached to the
stainless steel tube just outside the window (Fig. S1). The air
sample was passed through a diffusion dryer (∼ 1 m length)
with silica gel before entering the UV-APS, thus maintaining the relative humidity of inlet air to < 40 %. The residence
time of sampled air in the inlet tube was calculated to be
∼ 20 s, and the flow was calculated to be laminar in the entire
sampling line. Hence, diffusion losses were expected to be
negligible for all the size ranges of the sampled particles (average penetration efficiency of 99.8 % at 290 K and 840 hPa;
Baron and Willeke, 2005).
Atmos. Chem. Phys., 16, 9805–9830, 2016
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Figure 1. Location of measurement site Munnar (10.09◦ N, 77.06◦ E; 1605 m a.m.s.l. – above mean sea level) located in the Western Ghats
mountain range in southern tropical India with 10-day back-trajectories (HYSPLIT, NOAA-ARL GDAS1 model; start height 50 m above
ground level; start time 23:30 LT, local time) illustrating the distinct and contrasting wind patterns during two contrasting seasons: southwest
monsoon season (representative month July) and winter season (representative month January) when field measurement campaigns were
carried out. It is evident that the predominant wind pattern during the southwest monsoon season was westerly/southwesterly, bringing the
clean marine influx as also evident from the wind rose diagram shown in inset (a). The meteorological parameters were recorded using
the weather station installed close to the inlet system (b). The inlet system prepared for sampling the air using an ultraviolet aerodynamic
particle sizer (UV-APS) for bioaerosol number size distribution measurement (c). The map shown is color-coded by topography (meters) and
trajectories are color-coded by atmospheric pressure level (hPa).
Table 1. List of frequently used acronyms and symbols with units.
Symbol

Quantity, unit

Da
Dg
Dg,T
DNA
FBAP
He–Ne
ITCZ
L min−1 MF
MT
Nd:YAG
NE
NF
NT
PAH
PBAPs
RH
SEM
SW
TAP
TSP
UV-APS
λ

Aerodynamic diameter, µm
Geometric midpoint diameter of fluorescent particles
Geometric midpoint diameter of total particles
Deoxyribonucleic acid
Fluorescent biological aerosol particle
Helium–neon
Inter-Tropical Convergence Zone
Liters per minute integrated mass concentration of fluorescent particles, µg m−3
Integrated mass concentration of total particles, µg m−3
Neodymium-doped yttrium aluminum garnet
Northeast
Integrated number concentration of fluorescent particles, cm−3
Integrated number concentration of total particles, cm−3
Polycyclic aromatic hydrocarbon
Primary biological aerosol particles
Relative humidity
Scanning electron microscopy
Southwest
Total aerosol particle
Total suspended particle
Ultraviolet aerodynamic particle sizer
Wavelength, nm

For the present study the number size distribution of fluorescence biological aerosol particles (dNF / dlogDa ) for
each size bin was derived by summing up the particle number concentration from fluorescence channel numbers 3 to

Atmos. Chem. Phys., 16, 9805–9830, 2016

64, and similarly the total particle number size distribution
(dNT / dlogDa ) was derived from channel numbers 1 to 64.
In the present study we have used 1.0 µm as a cutoff diameter for a given dNF / dlogDa and dNT / dlogDa to cal-

www.atmos-chem-phys.net/16/9805/2016/
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culate the fluorescence biological aerosol number and total aerosol number concentrations, NF and NT , respectively.
This is mainly due to the fact that the particle counting efficiency of the UV-APS drops below unity at 0.7 µm (counting efficiency ∼ 50 % at 0.54 µm) and the interferences from
non-biological aerosol particles below 1.0 µm can at times be
very high (Huffman et al., 2010). A few other studies have
reported a decrease in the UV-APS counting efficiency for
FBAPs < 2 µm based on comparison of ambient FBAPs with
another LIF instrument (WIBS and BioScout) using different fluorescence wavelengths (Healy et al., 2014; Saari et
al., 2014). In the present study we define 1 µm as the cutoff diameter to distinguish between the sub-micron (< 1 µm)
and super-micron (> 1 µm) modes of the particle number
size distribution. The subscripts “F” and “T” throughout this
paper refer to fluorescent and total coarse-mode particles,
respectively. See Table 1 for abbreviations, notations, and
symbols used in this paper. The particle mass size distributions (dM / dlogDa ) for total as well as fluorescent biological aerosol particles were calculated for each size bin by
multiplying dN / dlogDa by the volume of an aerodynamically equivalent sphere with the geometric midpoint diameter (Da,g ) and assuming the unit density (1 g cm−3 ) and unit
shape factor. The integral mass concentrations of coarse fluorescent biological aerosol particles and total coarse particles, MF and MT , respectively, were calculated by integrating
the particle mass distribution for Da > 1 µm; thus, the particle mass reported here should be viewed in a first approximation as a result of uncertainty associated with the density and shape of the particles (Huffman et al., 2010). To be
consistent with previous UV-APS results, no standard temperature and pressure (STP) corrections were applied to the
concentrations reported in this study. These number concentrations can be normalized to the volume that the sampled air
would occupy under dry standard conditions (STP: 273 K,
1000 hPa, and 0 % RH) by multiplying the concentration values reported here by a factor of 1.29 derived using the ideal
gas law.
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concentrations of fluorescent particles (NF ) and total particles (NT ) for the super-micron (Da > 1 µm) and sub-micron
(Da < 1 µm) diameter ranges exhibited a very poor scatter (R 2 = 0.03 and R 2 = 0.002, respectively; N = 22 280;
Fig. S2), indicating an extremely small percentage of fluorescence contributed by non-biological aerosol particles in both
the super-micron and sub-micron particle ranges. This was in
contrast with the observations in Huffman et al. (2010).
Since a certain component of the mineral dust may exhibit
a weak fluorescence (Huffman et al., 2010; Sivaprakasam
et al., 2004; Toprak and Schnaiter, 2013), we performed
the separate correlation analysis for the dusty period, which
was dominated by the transport of mineral dust from western Asia, northern Africa, and the Arabian region (discussed
below). The correlation between integrated number concentrations of NF and NT for Da > 1 µm was moderately linear (R 2 = 0.26; N = 3138; Fig. S3a) compared to the submicron size range during the dusty period (R 2 = 0.007; N =
3138; Fig. S3b), indicating that the fraction of super-micron
particles exhibiting fluorescence may have been contributed
by mineral dust, but not for sub-micron particles.
From these analyses we infer that the contribution of
non-biological aerosol particles exhibiting fluorescence was
negligible in both the sub-micron and super-micron (except during the “dusty period”; discussed below) size
ranges. Thus we hypothesize that due to persistent rainfall
the sub-micron and super-micron particles resulting from
combustion-related activities were either efficiently removed
or were not transported to the observation site. Thus this observation site could be termed relatively pristine and free
from anthropogenic emissions during the monsoon season,
making this site scientifically interesting for investigating the
characteristic properties of bioaerosols on a long-term basis
using advanced online and offline techniques.
However, to maintain the consistency and uniformity in
the comparison of NF , NT , and other similar parameters reported in previous studies, all the statistics associated with
dNF / dlogDa and dNT / dlogDa with a cutoff diameter of
∼ 1 µm were derived.

Fluorescence of sub-micron particles
2.4
It has been reported by previous researchers that UVAPS is known to exhibit fluorescence for some fraction of
non-biological aerosol particles including soot, PAHs, and
cigarette smoke, which could be erroneously counted as
FBAPs (Huffman et al., 2010; Pan et al., 1999a, b). To investigate the contribution of non-biological aerosol particles
that are counted as fluorescence biological aerosol particles,
Huffman et al. (2010) showed the correlation between the integrated number concentrations of fluorescent particles (NF )
and total particles (NT ) for different diameter ranges (only
for the fluorescence channels > 3). To examine the influence
of anthropogenic emissions on sub-micron fluorescent particles, we performed a similar correlation analysis for the
entire campaign. The correlation between integrated number
www.atmos-chem-phys.net/16/9805/2016/

Meteorological parameter measurement

Meteorological parameters were recorded during the entire
campaign using a weather sensor (Lufft WS600-UMB) installed on the rooftop at the same height and a few meters
away from the UV-APS inlet (Fig. 1b). These measurements
were made concurrently with the UV-APS measurements.
The weather station was capable of recording temperature,
dew point temperature, relative humidity, precipitation intensity, wind speed, wind direction, and air pressure, and was set
to record these parameters at 5 min intervals with time synchronized to the UV-APS measurement clock. The meteorological data obtained at this site were compared with data
obtained from another weather station (Vaisala WXT520)
installed in the vicinity. The scatter plots between the data
Atmos. Chem. Phys., 16, 9805–9830, 2016
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(10 min averages) obtained from both these weather stations
exhibited very strong agreement for all the meteorological
parameters measured/recorded (average R 2 ≥ 0.95).
2.5

SEM analysis

The samples for scanning electron microscopy (SEM) analysis were collected on 25 mm diameter Nucleopore® polycarbonate filter paper with pore sizes of 5 and 0.2 µm using a two-stage filtering method as described by Valsan et
al. (2015). All samples were collected for an approximate
duration of 60 min at an average flow rate of 5 L min−1 and
were stored in an air-tight container at 4 ◦ C until the SEM
analysis was carried out. More than 100 individual particles analyzed from samples collected on five occasions during the entire campaign were investigated using two different scanning electron microscopes – (a) Quanta FEG 200
located at the Sophisticated Analytical Instrument Facility
(SAIF) and (b) Hitachi S 4A00 located at the Chemical
Engineering Department of the Indian Institute of Technology Madras. Before loading the filter paper onto the sample holders, they were cut into small squares of ∼ 1 cm2
and sputter-coated with gold particles. The biological aerosol
particles were identified purely based on their morphological
features adopting the method suggested by Matthias-Maser
and Jaenicke (1991, 1994). A detailed description of sample
collection and analysis was given elsewhere (Valsan et al.,
2015).
3
3.1

Results and discussions
Campaign overview

Figure 2 shows the temporal evolution and variability of the
several meteorological parameters, FBAPs, and TAP properties observed throughout the measurement campaign during
the SW monsoon season at Munnar. Several observations regarding the meteorological conditions during the campaign
at Munnar can be made. The predominant wind direction
was observed to be westerly/southwesterly (Fig. 1), which
is characteristic of the monsoon season and brings a nearly
clean marine influx (laden with dust and sea salt particles; Vinoj and Satheesh, 2003; Satheesh and Srinivasan, 2002; Vinoj et al., 2014; Prospero, 1979) over the continent marked
by the presence of persistent rainfall, high relative humidity (RH), higher wind speeds, and lower temperatures. During this period, diurnal variations in temperature and relative humidity were very small and temperatures approached
the dew point. On a few occasions, however, northerly winds
were recorded, marked by relatively lower wind speeds,
lower RH levels, higher temperatures, and reduced rainfall. During northerly winds, the temperature exhibited more
pronounced diurnal variations compared to the relative humidity. The average meteorological parameters (arithmetic
mean ± standard deviation) recorded during the entire meaAtmos. Chem. Phys., 16, 9805–9830, 2016

surement period were (840 ± 1.3) hPa absolute pressure,
(17.2 ± 1.4) ◦ C ambient temperature, (96.4 ± 5.7) % relative
humidity, (2.8 ± 1.3) m s−1 local wind speed, (270)◦ local
wind direction (vector mean weighted by wind speed), and
(4188) mm accumulated rainfall.
The total of more than 5 months of bioaerosol measurements with high time and size resolution was performed at
this site for two contrasting seasons – monsoon (dominated
by southwesterly winds) and winter (dominated by northeasterly winds). In this study, we present the results from this
field campaign carried out during the SW monsoon season,
whereas the detailed results from the winter campaign from
the same measurement site will be presented in a follow-up
study. We first discuss the characteristic features of the time
series as a broad overview of the observed concentration levels, variability, and trends in NT and NF . Figure 2f, g, h, i, and
j show the time series of geometric mean diameter (Dg ), NF ,
NF /NT , NT , FBAP and TAP 3-D size distribution measured
with the UV-APS for the entire campaign.
Throughout the measurement period the hourly averaged
Dg time series consistently remained in the range of ∼ 2–
4 µm, with almost no diurnal variation. During the second half of the campaign, the Dg , however, exhibited relatively high variability, with an average mean diameter of
2.6 ± 0.7 µm. Unlike the NT and NF the variability in Dg did
not seem to be affected by the meteorological parameters, except for wind direction (see Sect. 3.4.1) on a few occasions.
The total coarse particle number concentration, NT , exhibited high and consistent variability during the entire measurement period, however, with no distinct diurnal cycle. Averaged (arithmetic mean ± standard deviation) NT over the entire measurement period was observed to be 1.8 ± 1.5 cm−3 ,
with the lowest and highest concentrations of 0.01 cm−3 and
8.6 cm−3 , respectively. The monthly averaged NT concentration (Fig. S4) exhibited a decreasing trend from June to August as the monsoon progressed (Table 2). In contrast, NF exhibited less pronounced but episodic peaks in the time series
during the majority of the measurement period, resulting in
a campaign arithmetic mean of 0.02 ± 0.02 cm−3 . The highest NF concentration of ∼ 0.52 cm−3 was observed in June,
prior to the onset of monsoon rainfall, whereas the lowest NF
concentration (< 0.0002 cm−3 ) was consistently observed on
more than one occasion during the months of July and August. The monthly averaged NF concentrations are listed in
Table 2.
The time series of the relative contribution of FBAPs to
TAP numbers, NF /NT , exhibited a similar trend in temporal
variability as displayed by NF for most of the campaign. The
extreme values of NF /NT observed on a few occasions corresponded to low values of NT , implying a negative correlation
between NT and NF /NT during these measurements. Huffman et al. (2010) also reported a similar negative correlation
between NT and NF /NT at a semi-urban site in central Europe, indicating that the variability in NF /NT was associated
with changes in NT concentrations. The campaign overview
www.atmos-chem-phys.net/16/9805/2016/
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Figure 2. Time series of measured meteorological parameters, parameters derived from FBAPs, and total particle number size distribution
measurements using UV-APS: (a) wind speed, (b) wind direction, 5 min average (magenta) and 1 h average (black), (c) relative humidity,
(d) temperature, (e) rainfall, (f) geometric mean diameter (Dg ), 5 min average (dark red) and 1 h average (yellow), (g) FBAP number
concentration (NF ; blue) and relative contribution of FBAP to TAP (NF /NT ; green), (h) TAP number concentration (NT ), (i) a contour plot
of FBAP number size distribution (dN / dlogDF ), and (j) a contour plot of TAP number size distribution (dN / dlogDT ). The shadowed
block represents the different focus periods (red for dusty; green for high bio; blue for clean: please refer to the text for more details).

(including individual months) of FBAP mass concentrations
and the 3-D size distribution for every 5 min of UV-APS measurement are shown in Fig. S5.
3.1.1

Particle number and mass concentrations

The number and mass concentration measurements carried
out at Munnar over the course of the campaign are shown
in Fig. 3 and tabulated in Table 2. The box plots show statistical representation of 5 min averaged data of the time series. Over the entire measurement period the monthly mean
of NT varied by a factor of ∼ 3 from a minimum in August (0.96 cm−3 ) to a maximum in June (2.7 cm−3 ; Fig. 3a).
The variability of NT was also found to be highest in the
month of June, as can be seen from the size of the 5–95th
percentiles, which was also reflected in the high variability
www.atmos-chem-phys.net/16/9805/2016/

of NT for the entire measurement period. During the initial phase of the southwest monsoon season, the predominant westerly/southwesterly winds are known to transport
the mineral dust, which constitute a large fraction of coarsemode (also in larger diameter sizes of fine-mode fractions)
TAP concentration over the Indian continental region (Vinoj
et al., 2010, 2014; Li and Ramanathan, 2002; Satheesh and
Srinivasan, 2002; Vinoj and Satheesh, 2003). As the monsoon progresses the persistent rainfall can cause the washout
of these dust particles along the path of monsoonal rain, thus
reducing the coarse-mode TAP concentration (Pranesha and
Kamra, 1997a, b; Radke et al., 1980; Moorthy et al., 1991).
The monthly arithmetic mean and median average of NT did
not exhibit significant differences. The monthly mean values of NF varied by a factor of ∼ 4, with moderate variability during the entire campaign (Fig. 3b). Similar to NT , the
Atmos. Chem. Phys., 16, 9805–9830, 2016
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Table 2. Integrated number concentrations and mass concentrations
of coarse TAP and FBAP (∼ 1–20 µm): arithmetic mean and median
for each month and for the entire measurement campaign.
Number

June

July

August

Campaign

Mean
Median

2.66
2.45

1.54
1.48

0.96
0.73

1.77
1.44

NF (cm−3 )

Mean
Median

0.03
0.02

0.007
0.006

0.015
0.007

0.017
0.01

NF /NT (%)

Mean
Median

0.03
0.01

0.01

0.03
0.01

0.02
0.01

June

July

August

Campaign

NT (cm−3 )

Mass
MT (µg m−3 )

Mean
Median

10.61
9.58

6.15
5.55

4.15
2.8

7.17
5.57

MF (µg m−3 )

Mean
Median

0.42
0.33

0.11
0.09

0.18
0.1

0.24
0.15

MF /MT ( %)

Mean
Median

0.09
0.04

0.03
0.02

0.08
0.03

0.06
0.03

et al., 2010, 2012). The monthly mean values of MF , on the
other hand, did not exhibit a similar pattern to that shown by
MT , but followed a temporal pattern similar to that shown by
NF (Fig. 3e). The highest mean mass concentration of MF
(∼ 0.4 µg m−3 ) observed during June was ∼ 3 and 2 times
lower than the concentrations observed at a central European city (∼ 1.26 µg m−3 ) and pristine Amazonian rainforest
(∼ 0.85 µg m−3 ), respectively. The higher difference between
mean and median values of the box plots indicates the higher
temporal variability. The median and mean for MF /MT over
the course of the entire measurement period were 6 and 3 %,
respectively, which is relatively low compared to previously
reported studies for various other environments (Huffman et
al., 2010, 2012; Artaxo and Hansson, 1995; Schumacher et
al., 2013; Fig. 3f). On average, the relative contribution of
FBAPs to TAP coarse-mode particle mass was ∼ 3 times
higher (∼ 6 %) than its contribution to coarse-mode particle
number concentration (∼ 2 %). This is consistent with the observations that FBAPs show enhanced prevalence among the
larger aerosol particles (Huffman et al., 2010).
3.1.2

monthly mean average value and variability in NF was highest in the month of June, with a mean of 0.03 ± 0.03 cm−3
and a 95th percentile value of 0.086 cm−3 . The lowest average concentration in NF (0.007 ± 0.006 cm−3 ) was observed
in the month of July, with relatively lower variability as compared to other months of the field measurement campaign.
Unlike NT , the arithmetic mean and median average of NF
for individual months exhibited a significant difference, as
can be seen from the box plot shown in Fig. 3b. The variability of NF /NT showed a similar temporal pattern to that displayed by NF , except that the campaign-averaged mean NF
concentration was higher than that of August, whereas the
campaign-averaged mean NF /NT was observed to be lower
than the mean calculated for August. The median and mean
for NF /NT over the course of campaign were ∼ 1 and 2 %,
respectively (Fig. 3c). The average values of NF /NT over
this part of the globe were lower than previously investigated
sites (Huffman et al., 2010, 2012; Bowers et al., 2009; Schumacher et al., 2013; Matthias-Maser and Jaenicke, 1995;
Matthias-Maser et al., 2000; Gabey et al., 2010).
Although the UV-APS measures particle numbers, the average size-resolved particle mass can also be estimated by
assuming the particle density to be equal to 1 g cm−3 (Huffman et al., 2010, 2012). Based on this, the mass concentrations of FBAPs (MF ) and TAP (MT ) are presented in Fig. 3.
The monthly mean values of MT exhibited similar trend and
temporal variability to that shown by NT , with an overall
decrease in MT as the campaign progressed (Fig. 3d). The
campaign mean MT at Munnar was ∼ 7 µg m−3 , which was
comparable to the values reported from a central European
city (MT ∼ 7.3 µg m−3 ) and higher than the concentration
of MT (∼ 2.5 µg m−3 ) reported from a pristine Amazonian
rainforest region measured during the wet season (Huffman
Atmos. Chem. Phys., 16, 9805–9830, 2016

Diurnal patterns

The average diurnal trends for 3 individual months and the
entire measurement campaign were analyzed. Figure 4 shows
the mean FBAP values for each hour of the day for 3 individual months in the campaign, and Fig. S6 shows the corresponding TAP plots. Overall NF exhibited a moderate diurnal pattern with a consistent early morning (06:00 h) peak
at ∼ 3 µm (Fig. 4a) except for the month of July, where this
early morning peak was absent. A very weak peak during
late evening (20:00 h) in FBAP concentration at ∼ 3 µm was
observed in the month of July. In the month of June, the average diurnal NF concentration started increasing early in the
evening (∼ 18:00 h), which gradually increased through the
night, reaching a maximum at ∼ 06:00 h, and started decreasing thereafter as the day progressed. A similar diurnal pattern
was also observed in August but without high FBAP concentrations in the evening hours. In general, the weak diurnal
pattern observed in NF during the month of July seemed to
follow the weak diurnal patterns in RH and temperature in
the presence of persistent rainfall observed during July. The
early morning peak at ∼ 3 µm on the diurnal scale was also
reported from a pristine Amazonian rainforest environment
(Huffman et al., 2012). Corresponding average size distributions for the entire measurement period will be discussed
in detail in the following section. The diurnal variations of
NT (Fig. S6), on the other hand, were very distinct from
those of NF . The size-resolved dNT / dlogDa for each individual month exhibited a consistent and flat concentration
profile at < 1 µm. Previous studies where a similar instrument
was used have reported that pronounced diurnal variations in
NT are strongly coupled with diurnal variations in meteorological variables, especially mixing layer depth (Garland et
al., 2009; Raatikainen et al., 2014; Du et al., 2013). The abwww.atmos-chem-phys.net/16/9805/2016/
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Figure 3. Statistical distribution of integrated (∼ 1–20 µm) FBAP and TAP number and mass and their ratios measured during each month
(June–August) of the SW monsoon season and averaged over the entire measurement campaign carried out at Munnar as box whisker plots:
(a) TAP number concentration (NT ), (b) FBAP number concentration (NF ), (c) contribution of FBAP number concentration to TAP number
concentration (NF /NT ), (d) TAP mass concentration (MT ), (e) FBAP mass concentration (MF ) and (f) contribution of FBAP to TAP mass
concentration (MF /MT ).

sence of pronounced diurnal variations in NT at this particular site may be a result of weak dependence of coarse-mode
TAP concentrations on meteorological parameters combined
with persistent rainfall causing the washout of these particles
(Radke et al., 1980; Raatikainen et al., 2014; Kanawade et
al., 2014; Shika et al., 2016). This also indicates the absence
of any strong and localized source of anthropogenic emissions during most of the campaign period. Diurnal patterns
of NF /NT more or less followed the same pattern as that of
NF during all the measurement months. The distinct diurnal
pattern in NF and NT supports the fact that the sources of
TAP and FBAP were different over this region.
The diurnal trends in MF and MT for individual months
and the campaign average were also analyzed and are shown
in Figs. S7 and S8. The monthly averaged diurnal trends in
MF for individual months and the entire campaign exhibited a trend similar to that shown by corresponding to NF .
However, the prominent peak in dMF / dlogDa was observed
at a higher diameter (∼ 3–4 µm). The concentration peak of
< 1 µm observed in NT shifted to the higher diameter range of
∼ 3–4 µm as an increase in mass is more associated with the
presence of coarse-mode particles. The distribution of MT
(Fig. S8), however, exhibited a distinctly different trend compared to both MF and NT . The distinct diurnal patterns of MF
and MT showed a much lower relative contribution of FBAPs
to TAP mass as compared to other observational sites (Huffman et al., 2010, 2012; Matthias-Maser and Jaenicke, 1995).

www.atmos-chem-phys.net/16/9805/2016/

3.1.3

Size distribution of particle number and mass

Figure 5 shows the number and mass size distributions for
TAPs and FBAPs averaged over the entire measurement period. The TAP number size distribution, dNT / dlogDa , was
generally broad and dominated by a peak at the lower end
of the measured size range of the number size distribution
(Da ≈ 0.9 µm; Fig. 5a). In dNT / dlogDa , the concentrations
exhibited a significant decrease above diameter ∼ 3 µm, with
a long tail extending on the right-hand side of the distribution. This peak may be comprised of mineral dust and sea
salt particles, as also evident from SEM images (please refer to Sect. 3.3) and as also reported by the previous studies investigating aerosol composition over India during the
monsoon season (Vinoj et al., 2014; Moorthy et al., 1991;
Vinoj and Satheesh, 2003; Satheesh and Srinivasan, 2002; Li
and Ramanathan, 2002). A similar peak in dNT / dlogDa at
Da ≈ 0.9 µm was observed in a pristine Amazonian rainforest during the wet season and was attributed to mineral dust
(Huffman et al., 2012; Fig. 5b). The corresponding monthly
plots of dNT / dlogDa are shown in Fig. S9 and exhibited
a similar qualitative number size distribution pattern to that
of the campaign-averaged TAP number size distribution. Averaged over the entire measurement period, the mass size
distribution, dMT / dlogDa (Fig. 5c), exhibited a broad peak
at ∼ 2.6 µm, with an extended tail to the left side of the
mass size distribution. The corresponding monthly averaged
dMT / dlogDa are shown in Fig. S10 and appeared similar
to the campaign-averaged TAP mass size distribution. For
accurate representation of mass size distribution, the unitnormalized mass distribution of Da plotted in Fig. 5c and d is
Atmos. Chem. Phys., 16, 9805–9830, 2016
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Figure 4. Diurnal cycles of observed meteorological parameters, FBAP number concentrations (NF ) and size distributions averaged over
individual months of measurement and the entire campaign (hourly mean values plotted against the local time of day). The upper portion
of each panel shows the observed meteorological parameters: relative humidity (%; blue), temperature (◦ C; red), and wind speed (m s−1 ;
orange on the right axis). The middle panel shows the integrated FBAP number concentration (∼ 1–20 µm; NF ) on the left axis (green) and
the FBAP fraction of the TAP number (NF /NT ) on the right axis (black). The lower portion of each panel FBAP number size distribution
(3-D plot) plotted against the hour of the day on the x axis and the aerodynamic diameter on the y axis and color scaled for dNF / dlogDa
indicate the concentration. Dashed black lines in the lower portion of each panel at 1.0 µm show the particle size cutoff diameter below which
fluorescent particles were not considered to be FBAPs due to potential interference with non-biological aerosol particles. (a) averaged over
the entire campaign, (b) June, (c) July, and (d) August. Please refer to the figures in the Supplement for corresponding TAP plots.

expected to shift to a larger particle size with increased area
under the curve (Huffman et al., 2010; DeCarlo et al., 2004).
The campaign-averaged number size distribution of
FBAPs (Fig. 5b) exhibited a monomodal shape with a
much narrower peak than the TAP number size distribution,
with a dominant mode at Da ≈ 2.8 µm, which was consistent throughout the measurement period. The corresponding
monthly mean FBAP number size distributions are shown in
Fig. S11. As reported by Huffman et al. (2010), multiple and
broader peaks in dNF / dlogDa are most likely to originate
from different sources and biological species. In the present
study, however, we did not find multiple peaks in investigated FBAP number size distribution, suggesting that observed FBAPs comprised the particles from similar or identical sources. The overall qualitative appearance of the average
FBAP number size distribution is similar to that which has
been reported by previous measurements. For a semi-urban
site in central Europe, Huffman et al. (2010) reported an average FBAP peak at 3.2 µm. Gabey et al. (2010) observed a
peak at ∼ 2.5 µm at a tropical rain forest site in Borneo. From
Atmos. Chem. Phys., 16, 9805–9830, 2016

a pristine Amazonian rainforest site during the wet season,
Huffman et al. (2012) reported a peak at ∼ 2.3 µm. For another pristine observational site in a boreal forest in Finland,
Schumacher et al. (2013) reported a peak in FBAP number
size distribution at ∼ 3 µm. A peak at ∼ 3 µm was also observed by Healy et al. (2014) at a rural site in Killarney national park, Ireland. This dominant peak in the range of 2–
3 µm in FBAP number size distribution is strongly attributed
to the fungal spores over the continent as reported by numerous previous researchers (Huffman et al., 2010, 2012; Schumacher et al., 2013, Li et al., 2011; Artaxo and Hansson,
1995; Healy et al., 2014; Gabey et al., 2010, 2013; Toprak
and Schnaiter, 2013). Recently, Valsan et al. (2015) investigated the morphological characteristics of PBAPs from the
same site during the non-monsoon season and found that
fungal spores constituted the major fraction of PBAPs and
nominally ranged in the size range of ∼ 3–10 µm, which
roughly translates into an equivalent aerodynamic diameter
of 2–5 µm (assuming the particles to be a prolate spheroid).
The scanning electron microscopy images obtained from the
www.atmos-chem-phys.net/16/9805/2016/
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Figure 5. Particle number size and unit-normalized number size and mass size distributions averaged over the entire measurement campaign
carried out at Munnar. The lower and upper parts of the dark and light shaded areas represent the 5th, 25th, 75th, and 95th percentiles,
respectively. (a) TAP number (dNT / dlogDa ), (b) FBAP number (dNF / dlogDa ), (c) total mass (dMT / dlogDa ), and (d) FBAP mass
(dMF / dlogDa ).
Table 3. Comparison with other online measurements carried out under various environmental conditions across the globe.
Sl no.:

Location

Land use

Measurement period

Season

Instrument

FBAP number
concentration

Total number
concentration

Number
ratio (%)

Reference

3 × 10−2 cm−3

1.05 cm−3

7.3 × 10−2 cm−3
2.9 × 10−4 cm−3
5.2 × 10−4 cm−3
1.1 × 10−5 cm−3
1.2 × 10−2 cm−3
9.5 × 10−2 cm−3
1 × 10−2 cm−3
2.8 × 10−2 cm−3
1.3 × 10−2 cm−3

0.33 cm−3
1.38 × 10−2 cm−3

4
24
2.1
3.7
7.8

Huffman et al. (2010)
Huffman et al. (2012)
Gabey et al. (2011)

1
2
3

Mainz, central Europe
Central Amazonia rainforest
Manchester, UK

Semi-urban
Tropical rainforest
Urban

August–December 2006
February–March 2008
December 2009

UVAPS
UVAPS
WIBS-3

4

Central France

Rural

22 June–3 July 2010

WIBS-3

5

Helinski, Finland

Urban

February 2012 (winter)
June–August 2012 (summer)

6

Colorado, USA

Pine forest

June–July 2011

7

Finland

Rural forest

August 2009–April 2011

Colorado, USA

Rural, semi-arid

2011–2012

Karlsruhe, Germany
Nanjing, China

Semi-rural
Sub-urban

April 2010–April 2011
October–November 2013

8
9

Winter
Summer
Summer
Dry period
Wet period
Spring
Summer
Fall
Winter
Spring
Summer
Fall
Winter
Fall

filter samples collected during this field campaign showed
the strong presence of a variety of fungal spores in the size
range of 6–10 µm (aerodynamic diameter 3–5 µm; discussed
below; Fig. 11). As an overview of the comparison, the FBAP
concentration values observed at Munnar are compared to
the FBAP concentration ranges obtained using similar online
measurement techniques from diverse environmental conditions across the globe, and the details are tabulated in Table 3. The campaign-averaged FBAP mass size distribution

www.atmos-chem-phys.net/16/9805/2016/

BioScout
UVAPS
WIBS-3
WIBS-4
UVAPS

UVAPS

WIBS-4
WIBS-4

(FL1)
(FL2)
(FL3)
(280 nm)
(370 nm)

1.5 × 10−2 cm−3
4.6 × 10−2 cm−3
2.7 × 10−2 cm−3
0.4 × 10−2 cm−3
1.5 × 10−2 cm−3
3 × 10−2 cm−3
1.7 × 10−2 cm−3
0.53 × 10−2 cm−3
3.1 × 10−2 cm−3
0.6 cm−3 (FL1)
3.4 cm−3 (FL2)
2.1 cm−3 (FL3)

Gabey et al. (2013)

0.43 cm−3
0.45 cm−3
0.41 cm−3
0.47 cm−3
0.73 cm−3
0.44 cm−3
0.28 cm−3
0.2 cm−3
0.583 cm−3
13.1 cm−3

23
6
8
5.8
15.2
4.4
13
9.8
1.1
2.5
8.8
5.7
3
7.34
4.6
25.3
15.6

Saari et al. (2015)

Crawford et al. (2014)
Schumacher et al. (2013)

Toprak and Schnaiter (2013)
Yu et al. (2016)

is shown in Fig. 5d, which nominally appeared bimodal
with a very sharp primary peak at Da ≈ 3.2 µm and a very
broad but small second mode at Da ≈ 4 µm. The corresponding monthly mean FBAP mass size distributions are shown
in Fig. S12. The FBAP mass size distribution for individual months exhibited a similar qualitative shape to that of the
campaign-averaged mass size distribution.
Figure 6 shows the size-resolved ratio of overall
FBAP/TAP for the course of measurement and correspond-
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Figure 6. Size distribution of the FBAP to TAP ratio averaged over the entire measurement period carried out at Munnar
(dNF / dlogDa = dMF / dlogDa ). The lower and upper parts of the
dark and light shaded areas represent the 5th, 25th, 75th, and 95th
percentiles, respectively.

ing monthly ratios are shown in Fig. S13. The relative contribution of FBAPs (dNF ) to TAPs (dNT ) in each size bin
could be used to derive the relative contribution of biological
particles to total aerosol particles at each size. As reported
by Huffman et al. (2010), the assumption of the unit density
of each particle implies that the value of the dNF / dNT ratio would invariably be equal to dMF / dMT . The integrated
NF /NT and MF /MT , however, would have the distinct values. As can be seen from Figs. 6 and S13, a considerable
quantitative and qualitative difference in mean (red) and median (green) curves was consistently observed in all individual months, which likely is the result of poor counting statistics and very high variability in TAP number concentrations.
Based on the results presented by Huffman et al. (2010), the
mean (red) curve best represents the NF /NT ratios at the upper particle sizes. The mean NF /NT ratio curves for individual months and for the entire campaign exhibited two dominant peaks persistently in the particle size range ∼ 3–4 and
∼ 6–8 µm. The first prominent peak in the dNF / dNT distribution at 3–4 µm comprised 15–16 %, while the second peak
at 6–8 µm represented ∼ 14–15 % of the FBAP material in
TAP over the entire measurement period (Fig. 6).

2014; Li and Ramanathan, 2002) originating from western Asia, northern Africa, and the Arabian region (Vinoj
et al., 2014) and not from local anthropogenic sources.
In this campaign, such a dusty period was observed between 14 and 25 June 2014, which was consistent with
the description given above and also based on the SEM
images of the dust collected in this period (see Sect. 3.5
below). This period was marked by an accumulated
rainfall of ∼ 1015 mm, average relative humidity of
94.4 ± 6.5 %, average temperature of 17.7 ± 1.5 ◦ C, and
average wind speed of 2.8 ± 1.3 m s−1 (maximum wind
speed of 6.7 m s−1 ).
2. A “clean” focus period was observed during the latter half of the monsoon season when wind direction
was still predominantly westerly/southwesterly and air
masses originated over the Arabian Sea. During this
period, which was observed from 9 July to 7 August 2014, FBAP and TAP concentrations were extremely low with very low variability. This clean period was associated with persistent rainfall (accumulated rainfall of 2650 mm), average relative humidity of
99.5 ± 1.4 %, average temperature of 16.4 ± 0.5 ◦ C, and
average wind speed of 3.7 ± 1 m s−1 (maximum wind
speed of 8.3 m s−1 ).
3. A “high bio” focus period comprised three discrete
events of high FBAP concentrations observed between 1
and 5 June, 26 and 30 June, and 18 and 22 August 2014.
This period is marked by distinct metrological parameters compared to the clean period: accumulated rainfall 194 mm, average relative humidity 93.4 ± 8.4 %,
average temperature 18.0 ± 2.4 ◦ C, and average wind
speed 1.2 ± 0.8 m s−1 (with a maximum wind speed of
4.6 m s−1 ). It is suggested that these high bio periods are
due to high variability in relative humidity and temperature and the movement of air masses with relatively low
wind speed over densely vegetated region located north
of the observational site.
3.2.1

3.2

Particle number and mass concentrations

Focus periods

The characteristic properties of FBAP and, specifically, TAP
number concentration exhibited strong temporal variability,
which could be attributed to changes in prevailing meteorological conditions during the monsoon season at Munnar.
The following three distinct focus periods during the campaign are highlighted as follows.
1. A “dusty” focus period was identified when the prevailing wind was predominantly westerly/southwesterly
and air masses mainly came from the Arabian Sea.
These were laden with sea salt and dust particles during
the start of the monsoon, which dominate the coarsemode fraction of atmospheric aerosols (Vinoj et al.,
Atmos. Chem. Phys., 16, 9805–9830, 2016

The statistical distributions of NT , NF , MT , and MF , and the
corresponding ratios for three different focus periods (dusty,
clean, and high bio) are shown in Fig. 7 and tabulated in
Table 4. Each of the focus periods discussed here was not
of equal duration. The average total particle number concentration, NT , showed a decrease of ∼ 70 % from the dusty period to the clean period (∼ 4.2 and ∼ 1.3 cm−3 , respectively),
whereas the NT concentration during the high bio period was
∼ 1.8 cm−3 . The high NT concentration during the dusty period caused the high variability between the 5th and 95th
percentiles in NT when averaged over the entire campaign
period (Fig. 3a). The fraction of dust in coarse-mode aerosol,
which is observed to be very high during pre-monsoon and
the first few days from the onset of monsoon rainfall, graduwww.atmos-chem-phys.net/16/9805/2016/
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Table 4. Integrated number concentrations and mass concentrations
of coarse TAP and FBAP (∼ 1–20 µm): arithmetic mean and median
for each focus period (dusty, clean and high bio).
Number

Dusty

Clean

High bio

NT (cm−3 )

Mean
Median

4.2
4.36

1.27
1.15

1.78
1.4

NF (cm−3 )

Mean
Median

0.02
0.019

0.005
0.004

0.05
0.038

NF /NT

Mean
Median

0.01

0.01

0.05
0.03

Dusty

Clean

High bio

Mass
MT (µg m−3 )

Mean
Median

16.34
16.84

5.12
4.28

7.7
5.85

MF (µg m−3 )

Mean
Median

0.36
0.33

0.08
0.05

0.58
0.47

MF /MT

Mean
Median

0.02
0.02

0.03
0.01

0.12
0.08

ally decreased as the monsoon progressed, likely as a result
of washout and wet deposition due to persistent rainfall in the
path of air masses (Hirst, 1953; Madden, 1997; Burge and
Rogers, 2000). The MT exhibited a similar pattern to that
of NT during three distinct focus periods, with an average
mass concentration of ∼ 16.3, ∼ 5.1, and ∼ 7.7 µg m−3 for
the dusty, clean, and high bio periods, respectively (Fig. 7d).
The mean NF concentration during the high bio period
(Fig. 7b) was 0.05 ± 0.04 cm−3 with high variability in the
higher concentration range (0.06–0.13 cm−3 ), as is evident
from the distance between the 75th and 95th percentiles. The
NF was found to be relatively stable during the dusty period,
with an average concentration of ∼ 0.02 ± 0.008 cm−3 . The
mean NF concentration was found to be an order of magnitude lower during the clean period (0.005 ± 0.004 cm−3 )
as compared to the high bio period, whereas the corresponding decrease in NT from the dusty to clean periods (∼ by
a factor of 3) was not of a similar magnitude. The following is the hypothesis proposed for such concentration differences in NF and NT during the three distinct periods: during
the clean period the predominant wind direction was westerly/southwesterly and air masses came from the Arabian
Sea, bringing clean marine influx marked by persistent rainfall. As a result, the coarse-mode aerosol fractions (NF and
NT ) emitted locally were efficiently removed; however, the
sea salt particles present in the air masses that came from the
Arabian Sea contributed to TAP number concentration (see
Sect. 3.3). In addition to the efficient wet removal of FBAP
due to persistent rainfall, the high RH level (average 99.5 %)
causes the dew formation that further inhibits the spore release, in turn reducing the FBAP concentration (Schumacher
et al., 2013; Jones and Harrison, 2004). The mean values of
www.atmos-chem-phys.net/16/9805/2016/
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MF exhibited trends similar to those shown by NF , with the
highest mass concentration of 0.58 µg m−3 during the high
bio period, which decreased by ∼ 86 % (0.08 µg m−3 ) during
the clean period. As anticipated, the relative contribution of
FBAP in TAP during the dusty and clean periods was almost
negligible, with a NF /NT ratio of ∼ 1 %, whereas during the
high bio period the relative FBAP number and mass contribution to the corresponding TAP was ∼ 5 and 12 %, respectively.
3.2.2

Size distribution of particle number and mass
concentration

Figure 8a highlights the dNF / dlogDa during three distinct
focus periods, and corresponding dNT / dlogDa are shown in
Fig. S14. In general, dNF / dlogDa during each focus period
exhibited a pattern similar to that of the campaign average.
The dNF / dlogDa averaged over the high bio period exhibited a very prominent and sharp peak at ∼ 2.5–3 µm. The
corresponding dNF / dlogDa during the dusty and clean periods also exhibited a similar bell-shaped distribution with
less prominent peaks owing to the relatively lower FBAP
concentrations as compared to the high bio period. Unlike
previously reported studies (Huffman et al., 2010; 2012),
the peak in dNF / dlogDa (Da ≈ 3 µm) was not reflected in
dNT / dlogDa , mostly due to the relatively lower contribution of FBAPs in coarse-mode TAP number concentration.
As seen from Fig. S14, the total aerosol particle number
size distribution, dNT / dlogDa , during all three focus periods exhibited an almost similar pattern to that of campaignaveraged dNT / dlogDa , with higher concentrations peaking
at lower diameters.
The FBAP mass size distribution (Fig. 8b) during the dusty
period was dominated by bimodal peaks, with a prominent
peak at ∼ 3 µm and a relatively less pronounced peak in
the range of ∼ 4–6 µm showing a broader tail on the right
side of the distribution curve. The dMF / dlogDa , during
the clean period, exhibited similar bimodal peaks with extended shoulders in the diameter range from ∼ 4 to 7 µm.
The dMF / dlogDa distribution during the high bio period
was distinctly different compared to the other two focus periods discussed above, with a prominent monomodal peak
at ∼ 3 µm. The primary peak observed in dMF / dlogDa in
the range of ∼ 3 to 4 µm was consistent during individual months and different focus periods. TAP mass size distribution (Fig. S15) exhibited a similar qualitative pattern to
that of campaign-averaged dMT / dlogDa , with a peak between ∼ 2.5 and 3.5 µm and an extended tail on the right
side, which gradually increased for Da > 13 µm. The statistics representing the 5th, 25th, 75th, and 95th percentiles for
dNF / dlogDa and dMF / dlogDa during individual focus periods are shown in Figs. S16 and S17.
The size-resolved ratio of FBAP to TAP particles averaged for three distinct focus periods is shown in Fig. 9. As
is evident from the figure, the largest fraction of FBAP partiAtmos. Chem. Phys., 16, 9805–9830, 2016
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Figure 7. Statistical distribution of integrated (∼ 1–20 µm) FBAP and TAP number and mass contribution of NF to NT , and MF to MT
averaged over each distinct focus period (dusty, clean, and high bio; please refer to the text for definitions related to each focus period)
measurements carried out at Munnar as box whisker plots: (a) TAP number concentration (NT ), (b) FBAP number concentration (NF ),
(c) contribution of FBAP number concentration to TAP number concentration (NF /NT ), (d) TAP mass concentration (MT ), (e) FBAP mass
concentration (MF ), and contribution of FBAP mass concentration to TAP mass concentration (MT /MF ).

Figure 8. FBAP number (dNF / dlogDa ) and mass (dMF / dlogDa ) size distribution averaged over each distinct focus period during the
measurement campaign carried out at Munnar. (a) Number size distribution and (b) mass size distribution.

cles during the dusty period occurred between ∼ 6 and 9 µm
(∼ 20 %), with a relatively small (∼ 7 %) contribution in the
diameter range of ∼ 3–4 µm. The fact that NF /NT is near
zero for particle sizes below ∼ 1.5 µm is in line with previous observations reported from a semi-urban site in central Europe and during the wet season of pristine Amazonian rainforest (Huffman et al., 2010, 2012). During the
clean period the maximum contribution of FBAPs to TAP
number concentration decreased to ∼ 10.5 % in the diameter
range of ∼ 6–9 µm, but the peak appeared at ∼ 3–4 µm and
remained almost consistent, with a relative contribution of
∼ 8 %, whereas during the high bio period the maximum contribution of FBAP to TAP occurred between a broader size
range of ∼ 3–8 µm, with a contribution range of ∼ 28–19 %.
Interestingly, during the high bio period, the highest contribution of FBAPs to TAP number concentration occurred
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at Da ≈ 3.5 µm, as opposed to the other two focus periods,
when the highest contribution was observed in the larger diameter ranges of ∼ 6–8 µm. NF /NT was consistently found
to be very low, with values approaching zero for the diameter beyond 13 µm, indicating that FBAPs constituted an extremely small fraction of total aerosol particles (Huffman et
al., 2010, 2012). The two prominent peaks observed during
the focus periods were clearly evident in campaign-averaged
dNF / dNT (Fig. 6; peaks at ∼ 3.5 and 6 µm).
3.2.3

Diurnal patterns

A prominent early morning peak in NF during the high bio
period in the diameter range of 1.5–3 µm was observed from
06:00 to 08:00, which was clearly reflected in campaignaveraged diurnal patterns at the same hour of the day. The
diurnal variations in NF during the dusty and clean periods
www.atmos-chem-phys.net/16/9805/2016/
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Figure 9. Size distribution of the FBAP to TAP ratio averaged over each distinct focus period during the measurements carried out at
Munnar (dNF / dlogDa = dMF / dlogDa ). The lower and upper parts of the dark and light shaded areas represent the 5th, 25th, 75th, and
95th percentiles, respectively: (a) dusty, (b) clean, and (c) high bio.

were not so pronounced (Fig. 10) as compared to the variations during the high bio period. During the dusty period, NF
showed a slightly high concentration starting from ∼ 17:00
(lowest panel Fig. 10a) and persistently remained high until early morning without any variations, whereas during the
clean period, the NF concentration consistently remained flat
throughout 24 h. As reported by Huffman et al. (2012), the
emission and dispersal of bioaerosols are strongly coupled
with environmental variables such as solar radiation, temperature, and relative humidity. Each of these variables exhibited relatively pronounced diurnal variations during the high
bio period (upper panel, Fig. 10c). It has been well documented that relative humidity, in particular, plays an important role in active wet discharge of fungal spores (Adhikari
et al., 2006; Burch and Levetin, 2002; Elbert et al., 2007;
Jones and Harrison, 2004; Quintero et al., 2010; Zhang et
al., 2010), which constitutes a major fraction of atmospheric
bioaerosols (Ansari et al., 2015; Bauer et al., 2008; Bowers et
al., 2013; Fröhlich-Nowoisky et al., 2009; Sesartic and Dallafior, 2011; Spracklen and Heald, 2014). The meteorological parameters exhibited significant diurnal variations during the high bio period, where RH decreased to a level of
∼ 60–80 %, which is considered to be favorable for release of
the fungal spores (Jones and Harrison, 2004; Santarpia et al.,
2013). During the dusty and clean periods, the persistence
of high RH values in the range of ∼ 90–100 % might have
inhibited the active wet discharge of fungal spores (Schumacher et al., 2013), thus resulting in the weak diurnal variation in NF . Unlike NF , NT remained nearly flat, without any
www.atmos-chem-phys.net/16/9805/2016/

pronounced diurnal variations during three distinct focus periods (Fig. S18). The corresponding diurnal cycle of FBAP
mass concentrations and 3-D size distributions for three focus periods is shown in Fig. S19. MF exhibited similar diurnal patterns to that of NF during three distinct focus periods.
MT and NT remained flat during the dusty period, but exhibited a slightly pronounced diurnal pattern during the clean
and high bio periods between 09:00 and 16:00 (Fig. S20).
3.3

SEM images

Figure 11 shows representative SEM images of different biological particle types often observed during the SW monsoon season at Munnar. The details about the sampling techniques, instrument used, etc. for obtaining these bioaerosol
images are discussed in details by Valsan et al. (2015). Note
that these images are being presented here to showcase the
particle types consistently observed throughout the measurement period and not for quantitative purposes. The presence
of mineral dust and sea salt particles confirms marine influence of the air mass sampled. Many particles observed
by SEM were most likely Basidiospores. The appearance of
small protuberances on their surfaces suggests that the spores
(e.g., Fig. 11a and c) most likely belonged to the Hydnaceae
family (Grand and Vandyke, 1976; Valsan et al., 2015). The
Basidiospores shown in Fig. 11b and c were seen in abundance in all the samples collected during the campaign. Some
of the spores observed appeared to be coated with salt particles (Fig. 11e) and might have been carried from a disAtmos. Chem. Phys., 16, 9805–9830, 2016
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Figure 10. Diurnal cycles of observed meteorological parameters, FBAP number concentrations (NF ) and size distributions averaged over
each distinct focus period identified during measurements carried out at Munnar (hourly mean values plotted against the local time of day).
The upper portion of each panel shows the observed meteorological parameters: relative humidity (%; blue), temperature (◦ C; red), and
wind speed (m s−1 ; orange on the right axis). The middle panel shows the integrated FBAP number concentration (∼ 1–20 µm; NF ) on
the left axis (green) and the FBAP fraction of the TAP number (NF /NT ) on the right axis (black). The lower portion of each panel FBAP
number size distribution (3-D plot) plotted against the hour of the day on the x axis, aerodynamic diameter on the y axis, and color, is scaled
for DNF / dlogDa and indicates the concentration. Dashed black lines in the lower portion of each panel at 1.0 µm show the particle size
cutoff diameter below which fluorescent particles were not considered to be FBAPs due to potential interference with non-biological aerosol
particles. (a) Dusty, (b) clean, and (c) high bio. Please refer to the figures in the Supplement for corresponding TAP plots.

tant source by the SW monsoon winds. The spores shown in
Fig. 11d and f most likely appeared to be spores of Ascomycota division. The particle shown in Fig. 11g was most likely
a mineral dust particle sampled during high dusty episode.
Similar particles of varying size during the dusty episode
were consistently observed during SEM analysis. Figure 11h
and i shows the images of the typical sea salt particles observed during samples collected at Munnar during measurement campaign when wind predominantly came from a westerly/southwesterly direction travelling over the Indian Ocean
and Arabian Sea.
3.4

Meteorological correlations

The results obtained with UV-APS data analysis during the
campaign at Munnar were correlated with meteorological parameters to investigate factors responsible for bioaerosol release and their variations in the atmosphere.
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3.4.1

Impact of wind direction

The wind rose diagrams scaled by NF , Dg , and Dg,T were
also prepared for the entire measurement period and three
distinct focus periods. These plots are similar to the traditional wind rose diagram (Fig. S21), except that, instead
of wind speed, they are scaled by characteristic FBAP and
TAP parameters, which indicate the frequency of occurrence of the respective parameter with respect to wind direction (Sherman et al., 2015). As seen from Fig. S21,
the predominant wind direction during the entire campaign was westerly/southwesterly, with a frequency of occurrence of about ∼ 90 %. The wind speed broadly ranged
between 2 and 5 m s−1 with no prominent diurnal variations. The overall wind direction and back-trajectory analysis
(Fig. 1) shows that the sampled air masses may have originated over the Indian Ocean and then turned eastward after crossing the Equator and travelling several hundred kilometers over the Arabian Sea before reaching the observational site (Fig. 1). The predominant wind pattern during
the dusty (> 95 % frequency of occurrence; 2–6 m s−1 ) and
www.atmos-chem-phys.net/16/9805/2016/
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Figure 11. Scanning electron microscope images of the exemplary
aerosol particles (FBAP and TAP) observed during the campaign
at Munnar. The scale bar is shown at the top right corner of each
image.

clean periods (∼ 100 frequency of occurrence; 2–6 m s−1 )
was westerly/southwesterly, whereas during the high bio
period, only ∼ 50 % of the time did winds come from
a westerly/southwesterly direction, and the rest comprised
relatively slower (0–2 m s−1 ) winds from all other directions, with the highest contribution from northerly winds
(Fig. S21).
The wind rose diagram scaled by FBAP number concentration is shown in Fig. 12. During the entire campaign the predominant wind showed that ∼ 85 % of the time
FBAP concentration occurred in the range of 0–0.05 cm−3
(Fig. 12a), occasionally exceeding 0.05 cm−3 , and was contributed by westerly/southwesterly winds. The occurrence of
relatively low FBAP concentrations during the entire campaign is coincidental with low concentration occurrence during the dusty (0–0.05 cm3 ; > 90 % frequency of occurrence)
and clean (< 0.01 cm3 ; ∼ 90 % frequency of occurrence) periods. During the high bio period the FBAP concentration,
> 0.05 cm3 , exhibited a ∼ 40 % frequency of occurrence, of
which ∼ 50 % was contributed by predominant wind from
the north and the northwest.
Similarly, the wind rose diagram scaled by geometric
mean diameter (Dg ) of dNF / dlogDa is shown in Fig. 13.
The average size of the FBAP particles associated with westerly/southwesterly winds when analyzed for the entire campaign ranged between 2 and 4 µm, of which ∼ 65 % of the
time Dg was observed to be ≤ 3 µm. During the three focus periods the frequency of occurrence of FBAP particles in
the higher size range (3–4 µm) was strongly associated with
the westerly/southwesterly winds (Figs. 13b–d). The corresponding wind rose diagram scaled by geometric mean diamwww.atmos-chem-phys.net/16/9805/2016/
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Figure 12. Wind rose diagram scaled over FBAP number concentration (NF ). These diagrams in a way are similar to the traditional
wind rose diagram, except that they represent the NF in this case instead of wind speed. These diagrams can be nominally interpreted
as follows: for example, (a) shows that ∼ 52 % of the frequency
of occurrence of NF concentrations in the range of 0–0.01 cm−3
was associated with westerly/southwesterly winds and, by contrast,
(d) indicates that out of ∼ 18 % of the frequency of occurrence of
high concentrations (NF > 0.1 cm−3 ), ∼ 16 % was associated with
northerly/northwesterly winds. (a) Entire campaign, (b) dusty period, (c) clean period, and (d) high bio period. Note that the nonuniform scale of each panel has a unit of cm−3 .

eter of dNT / dlogDa (Dg,T ) is shown in Fig. S22. During the
entire measurement campaign the frequency of occurrence
of Dg,T in the size range of 0.8–0.9 µm was ∼ 70 % and was
mostly associated with westerly/southwesterly winds. During the dusty period, particles in the size range of 0.8–0.9 µm
diameter contributed for > 95 % frequency of occurrence for
the entire size range, whereas during clean period ∼ 20 %
occurrence of the particles in the size range other than 0.8–
0.9 µm were also observed. On the other hand, during the
high bio period, total particles in the size range 0.5–0.8 µm
were observed with a ∼ 50 % frequency of occurrence mostly
dominated by northerly winds.
The FBAP concentration exhibited strong dependence on
the wind direction for this observational site. During the
high bio period the increase in frequency of occurrence of
FBAP number concentrations > 0.1 cm−3 coincided with a
lower wind speed coming from the north and northwest
(Fig. 14a). During the high bio period, as in the case of the
dusty and clean periods, the predominant wind pattern was
westerly/southwesterly, but with a relatively low frequency
Atmos. Chem. Phys., 16, 9805–9830, 2016
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Figure 13. Same as Fig. 12 but scaled by the geometric mean diameter (Dg ) of dNF / dlogDa . (a) Entire campaign, (b) dusty period,
(c) clean period, and (d) high bio period.

of occurrence as compared to the other two periods. To have
a better understanding of the relative contribution of wind
direction in high FBAP number concentrations during the
high bio period, separate wind rose diagrams for FBAP concentrations > 0.1 cm−3 and < 0.1 cm−3 are shown in Fig. 14.
The FBAP number concentration > 0.1 cm−3 was associated
with lower wind speed (0–1 m s−1 ; ∼ 80 % frequency of occurrence) and predominant northerly winds (Fig. 14a), as
opposed to high wind speed (2–5 m s−1 ) and predominant
westerly/southwesterly winds for the FBAP number concentration < 0.1 cm−3 (Fig. 14b). The northerly winds with
lower wind speed coming over from densely vegetated regions in combination with local FBAP sources during the
high bio period could be the strong reason for the build-up,
resulting in a higher FBAP number concentration during this
episode, whereas westerly/southwesterly winds were consistently marked by very low FBAP number concentrations,
mostly owing to higher wind speeds. Furthermore, it might
also be due to the fact that the air masses arrive at the observational site originating over a cleaner marine region, which
may be a potential but weak source of bioaerosols combined with possible washout/wet deposition due to persistent
rainfall during the transport. The frequency of occurrence
of larger particles (3–4 µm) during westerly/southwesterly
winds was high compared to the northerly winds, where particles were mostly of smaller size (1–3 µm). We hypothesize
that during the northerly wind the bioaerosols were mostly
comprised of Basidiospores, which is consistent with SEM
images obtained during the measurement period. FröhlichNowoisky et al. (2012) reported that a region with dominant
Atmos. Chem. Phys., 16, 9805–9830, 2016

Figure 14. Wind rose diagram scaled by wind speed and the geometric mean diameter (Dg ) of dNF / dlogDa . The figures have been
separated for the FBAP number concentration (NF ) range, NF > 0.1
and NF < 0.1 cm−3 observed during the high bio period. For example, when NF > 0.1 cm−3 ∼ 60 % of the time wind was observed to
be in the range of 0–1 m s−1 (a) and ∼ 94 % of the time, the geometric mean diameter (Dg ) of dNF / dlogDa was in the range of
2–3 µm (c). On the other hand, for NF < 0.1 cm−3 ∼ 60 % of the
time, wind speed was greater than 1 m s−1 (b), and ∼ 80 % of the
time the geometric mean diameter (Dg ) of dNF / dlogDa was in the
range of 2–3 µm (d).

prevalence of marine air masses has larger proportions of Ascospores and, in contrast, the continental air masses exhibit
higher proportions of Basidiospores. However, due to technical difficulties associated with sampling, we could not establish the identity of the spores observed at this observational
site during westerly/southwesterly winds, and these details
will be addressed in follow-up studies. The corresponding
wind rose scaled by Dg,T obtained from dNT / dlogDa is
shown in Fig. S23.
As shown in Table 5, the wind speed was observed to
correlate negatively with NF during the entire measurement
period, and is consistent with previously reported studies
(Hameed et al., 2012; Almaguer et al., 2013; Lyon et al.,
1984; Quintero et al., 2010). The increased NF concentration
levels during lower wind speed might indicate that observed
bioaerosols were dominated by the local source rather than
transported from longer distances (Sadys et al., 2014; Hara
and Zhang, 2012; Bovallius et al., 1978; Maki et al., 2013;
Prospero et al., 2005; Creamean et al., 2013), as lower wind
speed may actually increase emission of some specific type
of spores (Huffman et al., 2012; Jones and Harrison, 2004;
Troutt and Levetin, 2001; Kurkela, 1997).

www.atmos-chem-phys.net/16/9805/2016/
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Table 5. R 2 values for the correlation between meteorological parameters (RH, temperature and wind speed) and NT , NF and NF /NT during
the entire campaign and each focus period.

NT
RH
Temperature
Wind speed

−0.64
0.45
0.4

Campaign
NF NF /NT
0.58
−0.65
−0.6

0.85
−0.82
−0.78

NT

Dusty
NF

NF /NT

NT

Clean
NF

NF /NT

NT

−0.25
0.34
0.09

−0.04
−0.18

0.18
−0.25
−0.31

−0.66
0.78
−0.18

−0.01
0.02
−0.27

0.13
−0.2
0

−0.64
0.43
0.3

High bio
NF NF /NT
0.5
−0.68
−0.61

0.68
−0.83
−0.74

Figure 15. Correlation between aerosol particle number concentrations (NF , NT , and NF /NT ) and meteorological parameters (relative
humidity, temperature, and wind speed). The red line indicates the best fit to the scattered points and the dashed black line indicates the 95 %
confidence level obtained for the best fit.

3.4.2

Correlation with relative humidity and
temperature

The correlation coefficient derived between NF and relative humidity averaged over the entire campaign is shown in
Fig. 15, and corresponding R 2 values for three distinct focus
periods are shown in Table 5. In general, an increase in NF
concentration with increasing relative humidity was observed
with a moderate correlation coefficient (R 2 = 0.58). Depending upon the type of bioaerosols, geographical location, and
local climate, NF has shown varied dependence on relative
humidity and the precise response of the spore concentration
to relative humidity is difficult to characterize. For example,
a number of studies have shown that spores of genus like
Cladosporium, Alternaria, and Epiccocum are known to exhibit the negative correlation with relative humidity (Oliveira
et al., 2010; Herrero et al., 1996; Kurkela, 1997; Oh et al.,
1998; Healy et al., 2014), while on the other hand, other
studies have also found these spores to be positively correlated with relative humidity (Quintero et al., 2010; Hjelmroos, 1993; Ho et al., 2005). Genus like Ustilago and some
www.atmos-chem-phys.net/16/9805/2016/

other Basidiospores may exhibit a strong positive correlation
with relative humidity (Sabariego et al., 2000; Quintero et
al., 2010; Ho et al., 2005; Calderon et al., 1995). Ascospores
concentrations are known to increase during and after rainfall
(Burch and Levetin, 2002; Elbert et al., 2007; Hasnain, 1993;
Hirst, 1953; Toutt and Levetin, 2001; Lyon et al., 1984; Oh
et al., 1998), whereas Basidiospores exhibited a strong resemblance to the diurnal pattern of relative humidity (Li and
Kendrick, 1994; Hasnain, 1993; Tarlo et al., 1979; Trout and
Levetin, 2001). Almaguer et al. (2013) have reported that in
a tropical region, relative humidity has greater influence than
temperature on the airborne spore counts and may be a prerequisite for release of spores (Hollins et al., 2004). Thus, the
combination of persistent threshold relative humidity (∼ 60–
95 % as reported by Ho et al., 2005) and rainfall can cause
the increase in the spore concentration and the excessive and
persistent rain, however, tends to wash the spore out of the atmosphere further reducing their concentration levels (Burge,
1986; Horner et al., 1992; Troutt and Levetin, 2001). Based
on these arguments combined with observed meteorological conditions we expect that the bioaerosols reported here
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from Munnar mainly consisted of Basidiospores during the
SW monsoon season as also evident from SEM images (discussed above). This is consistent with results reported by Valsan et al. (2015) where they found the dominant presence of
dry air spora (Cladosporium) during relatively dry and warm
weather from the same observational site. In general, NF and
NF /NT decreased with increasing wind speed (R 2 = 0.6 and
R 2 = 0.78, respectively) indicating that wind speed may be
one of the strong factors for observed high NF concentrations at this site. As compared to previously reported correlation between NF and meteorological parameters (Santarpia
et al., 2013), the relations shown for this observational site
appeared to be more robust and conclusive. The variability
observed in NT (NT − NT,min /NT,max − NT,min ; not shown
here) was more consistent and high as compared to variability observed in NF (NF −NF,min /NF,max −NF,min ), which was
more episodic and hence one would expect the weak correlation between NT and meteorological parameters (Table 5).
Several studies have reported that in temperate regions,
temperature is probably the most important meteorological parameter affecting the spore concentration (Levetin and
Horner, 2002; Adhikari et al., 2006) with highest spore concentration during summer season (Emberlin et al., 1995; Hasnain, 1993; Herrero et al., 1996; Hjelmroos, 1993; Li et al.,
2011; Schumacher et al., 2013). When the relation between
temperature and spore concentration was investigated on the
basis of diurnal average, spore concentration have been observed to decrease with the increasing temperature (Burch
and Levetin, 2002; Calderon et al., 1995; Sabariego et al.,
2000; Schumacher et al., 2013; Trejo et al., 2013). Consistent
with this trend, we have found significant negative correlation between NF and temperature (R 2 = 0.65) averaged over
the entire measurement period at Munnar. The correlation coefficient between NF and temperature for three distinct focus
periods is given in Table 5 and are specific to this locality
of sampling and may not be extrapolated to represent behavior in other ecosystems in the Indian region. These results
were, however, presented to formulate preliminary hypothesis about role of meteorological parameters in governing the
variability of bioaerosols specific to this observational site
for the monsoon season.

4

Summary and conclusions

A UV-APS was continuously operated during the SW monsoon season (1 June–21 August 2014) at Munnar in the Western Ghats in southern tropical India. The number and mass
size distributions and corresponding concentrations of biological aerosol were quantified for three distinct focus periods, namely, dusty, high bio, and clean, identified based on
the prominent wind direction. Over the course of the entire
measurement period the coarse particle number concentration of FBAPs varied in the range of 0.2 × 10−3 to 0.63 cm−3
with an arithmetic mean value of 0.02 cm−3 (±0.02 cm−3 ).
Atmos. Chem. Phys., 16, 9805–9830, 2016

This average concentration accounted for 0.04–53 % (mean
value 2.1 % ± 4.05 %) of the total coarse particle number
concentration. The coarse particle mass concentrations of
FBAPs varied in the range of 0.5 × 10−3 –4.93 µg m−3 with
an arithmetic mean (± standard deviation) value of 0.24
(±0.28) µg m−3 .
The FBAP concentrations observed at Munnar during the
southwest monsoon season were within the range but slightly
on the lower side of the concentrations reported by previous researchers using various online and offline techniques
from varying environments (Després et al., 2007; Huffman
et al., 2010, 2012; Adhikari et al., 2004; Bovallius et al.,
1978; Bowers, et al., 2009, 2013; Lee et al., 2010; MatthiasMaser and Jaenicke, 1995; Matthias-Maser et al., 2000; Shaffer and Lighthart, 1997; Tong and Lighthart, 1999; Wang
et al., 2007; Li et al., 2011; Hameed et al., 2009; Bauer et
al., 2008; Schumacher et al., 2013; Gabey et al., 2010, 2011,
2013; Saari et al., 2015; Toprak and Schnaiter, 2013; Healy
et al., 2014). For brevity, here we compare the number concentrations observed at Munnar only with number concentrations from varying environments carried out using online
measurements. Huffman et al. (2010) have reported coarsemode average FBAP number concentrations from 4 months
of measurement to be 0.03 cm−3 , which constituted ∼ 4 %
of total coarse-mode particles from the semi-urban site of
Mainz in central Europe. The median FBAP concentration
during the wet season of a pristine tropical Amazonian rainforest region was found to be 0.07 cm−3 , which constituted
∼ 24 % of the total coarse-mode particle number concentration (Huffman et al., 2012). By analyzing the full 1-year observations from a boreal forest in Hyytiala and a pine forest
in Colorado, Schumacher et al. (2013) reported the highest
FBAP concentrations in summer of 0.046 cm−3 (constituting ∼ 13 % of the total coarse-mode particles) and 0.03 cm−3
(constituting ∼ 8.8 % of the total coarse-mode particles), respectively. Healy et al. (2014) reported the average FBAP
concentration of ∼ 0.01 cm−3 using the UV-APS measurements carried out within Killarney national park, Kerry, situated in the southwest of Ireland. Gabey et al. (2013), by
performing the measurements at a high-altitude site in central France, reported averaged FBAP concentrations of 0.012
and 0.095 cm−3 using a two-wavelength (280 and 370 nm,
respectively) single-particle UV-induced fluorescence spectrometer. Gabey et al. (2010), from a tropical rainforest in
Borneo, Malaysia, reported that a mean FBAP number fraction in the size range of 0.8–20 µm was ∼ 55 and ∼ 28 %
below and above the forest canopy, respectively. It is important to note, however, that the measurement results compared
here were obtained from different instrumentations operating
with different wavelengths.
The average observed dNF / dlogDa exhibited a peak
at ∼ 3 µm, which was consistent even during distinct focus periods with slight quantitative variation in the FBAP
number concentration. Such a consistency in the peak of
dNF / dlogDa during the entire measurement period indicates
www.atmos-chem-phys.net/16/9805/2016/
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that sources and types of bioaerosols did not exhibit considerable variability and diversity at Munnar during the southwest
monsoon season. The peak observed in dNF / dlogDa in this
study is consistent with the range of the peaks published by
previous researchers. At a semi-urban site in central Europe
the peak in dNF / dlogDa was observed at ∼ 3 µm (Huffman
et al., 2010). In the pristine tropical rainforest region of Amazonia a peak in dNF / dlogDa was found at ∼ 2.5 µm (Huffman et al., 2012), whereas the peak in dNF / dlogDa at a boreal forest in Finland exhibited a strong seasonal dependence,
with different modes at ∼ 1.5, ∼ 3, and ∼ 5 µm indicating differences in the bioaerosol sources (Schumacher et al., 2013).
In the pine forest of Colorado the distinct peaks were observed at ∼ 1.5 and ∼ 5 µm (Schumacher et al., 2013). The
mode at ∼ 3 µm reported for Colorado is likely due to the
fungal spore whose release mechanism is strongly governed
by the combination of relative humidity and temperature
(Huffman et al., 2010, and references therein).
On the diurnal scale a pronounced diurnal cycle with a
∼ 3 µm peak with a maximum concentration at ∼ 06:00 h
was observed when averaged over the entire measurement
period. This general pattern is consistent with previous studies reporting the early morning peak in FBAP concentration for various environmental conditions (Healy et al., 2014;
Huffman et al., 2012; Schumacher et al., 2013; Toprak and
Schnaiter, 2013). The early morning peak was contributed by
Basidiospores, as their release in the atmosphere is strongly
coupled with relative humidity (Adhikari et al., 2006; Burch
and Levetin, 2002; Hasnain, 1993; Healy et al., 2014; Ho et
al., 2005; Huffman et al., 2012). This is also consistent with
the SEM images shown and discussed above.
The meteorological parameters were observed to correlate significantly with FBAP concentration at Munnar. We
observed that NF followed a similar diurnal trend to that
of relative humidity and was anti-correlated with temperature. As reported by previous studies from selected locations
(Huffman et al., 2013; Schumacher et al., 2013; Prenni et
al., 2013; Hirst 1953), we did not observe any sharp increase
in NF concentration immediately after or during rainfall. We
hypothesize that the spore build-up and release of certain
species can happen only at a certain threshold relative humidity (Jones and Harrison, 2004). Our results indicate that under the dry environmental conditions where relative humidity levels rarely attain such thresholds required, fungal spore
release can cause the strong build-up of fungal spores inside fungal bodies. Under these conditions precipitation can
cause the relative humidity levels to increase up to threshold
required for fungal spore release in combination with mechanical splashing due to raindrops, and can cause the sudden
and sharp increase in spore concentrations. By contrast, like
in the present case, the persistent high-humidity conditions
can cause the continuous release of the spore without an opportunity for build-up of fungal spores in the fungal body to
be released during rainfall. It is also reported that persistent
high levels of relative humidity can inhibit the sporulation
www.atmos-chem-phys.net/16/9805/2016/
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(Schumacher et al., 2013), further considerably reducing the
spore release. More detailed measurements are required from
the regions where relative humidity persistently remains low
(< 60 %) for an extended amount of time and experiences
sudden rainfall. The correlation between NF and wind speed
was found to be strongly negative. Since the majority of the
spore release was dominated by the local sources, the strong
winds coming over from a westerly/southwesterly direction,
which were relatively clean, might have caused the dilution
of air mass, thus reducing the spore concentration.
Overall, the long-term measurements reported in this paper showed the quantitative and qualitative agreement with
previously reported studies. The emissions and abundance of
biological aerosol particles in Western Ghats air during the
monsoon season appeared to be closely linked to the variability in the meteorological parameters. The scatter plot analysis
carried out between NF and NT for sub-micron and supermicron particles indicated that sub-micron particles at this
observational site were also dominated by aerosol particles
of biological origin, thus indicating the lowest possible interference from particles of anthropogenic origin known to
exhibit the fluorescence at the prescribed wavelength used in
UV-APS. Hence, the given observational site can be termed
relatively pristine while under the influence of the SW monsoon season. This emphasizes the need to perform similar measurements under different land-use types during the
same season over the Indian region. The contrasting characteristics of this observational site associated with pollution and interference of non-biological aerosol particles in
fluorescence will be discussed in follow-up studies. We propose more studies by means of performing simultaneous online measurements of biological aerosol particles under contrasting environments during distinct meteorological seasons
over the Indian region. These measurements could be supplemented with advanced offline measurement techniques including SEM analysis, DNA analysis, and fluorescence microscopy of the samples collected in parallel with the measurements. We believe that such a comprehensive approach
over the Indian region would be helpful in understanding the
possible tight coupling between aerosol and hydrological cycles, especially during monsoon. This could also help to better understand the implication of biological aerosols for crops
and human health where the agricultural industry has the major share in GDP to cater for the need of 18 % of the world’s
total population.
5
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