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Aircraft measurements of the vertical profiles of aerosol total number concentrations and size
distributions (in the size range of 0.5–20 lm) were made over seven geographically diverse locations of the
Indian mainland during two contrasting seasons, winter (December 2012) and spring (April–May 2013),
as a part of the regional aerosol warming experiment (RAWEX). Our observations revealed an increase in
the vertical extent of aerosol loading during spring having a significant enhancement in coarse mode
aerosols in the lower free-troposphere (FT) over western and central parts of India and the Indo-Gangetic
plains (IGP). The particulate depolarisation ratio (PDR) derived from the Cloud Aerosol Lidar and
Infrared Pathfinder Satellite Observation (CALIPSO) over the same region showed the presence of dust
(including polluted dust) at higher altitudes in spring. Concurrent and collocated measurements of
aerosol scattering and absorption properties aboard the aircraft revealed that the FT enhancement in
coarse mode aerosol loading during spring is associated with a decrease in single scattering albedo and an
increase in columnar absorption aerosol optical depth. This confirms that the elevated layers of coarse
mode aerosols seen during spring are absorbing in nature, especially over the IGP. The presence of such
coarse-mode absorbing aerosols plays a crucial role in governing the radiation balance over the IGP in
spring through the diabatic heating of the upper atmosphere.

Keywords. Aerosol number concentration; size distribution; coarse mode fraction; single scattering
albedo; CALIPSO; vertical profile.

1. Introduction

Atmospheric aerosols, having highly diverse
physical and chemical properties, due to their
varying production mechanisms and transforma-
tion processes, result in complex optical charac-
teristics and radiative interactions (e.g., Prospero
et al. 1983; Dubovik et al. 2018). It is of

paramount importance to quantify the effects and
impacts of these particles on climate, environment
and human health. In the context of climate
forcing, number size distribution (NSD) is per-
haps the most important microphysical property
of aerosols, which plays a prominent and dynamic
role in radiative interactions (Satheesh et al. 2002;
Babu et al. 2006; Moorthy et al. 2007). In
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particular, NSD information is important while
determining the spectral variation of aerosol
optical properties and has been an important
subject of investigation since the ‘Junge-period’
(e.g., Junge 1963). The knowledge of the aerosol
size distribution is also important to understand
the evolving processes through the gas phase,
vapour phase and particle phase. While under-
standing the physics and chemistry of ultra-fine
mode aerosols is important in studies involving
processes such as coagulation, condensation,
evaporation, adsorption/desorption, heteroge-
neous chemistry and nucleation, those in the
accumulation regimes assume importance in
optical and radiative interactions. Characterisa-
tion of coarse-mode aerosols is important to
understand the external controlling processes
(e.g., convection), as it involves complex particle
surface and turbulence-particle interaction, where
the morphology of the surface plays an important
role. In problems involving radiative interactions,
the aerosol size distribution decides the scattering
phase function and the angular distribution of
scattered intensity. Due to the variety of source
processes and the continuous modification by
atmospheric processes (coagulation, condensa-
tion, cloud cycling, etc.) and meteorology, the size
distribution depicts variations temporally, spa-
tially and also vertically.
The above aspects are highly essential to be

monitored over the Indo-Gangetic plains (IGP) of
India, which is recognised as one of the global
hotspots of aerosols. The IGP depicts large vari-
ation in aerosol types, resulting from the com-
bined action of synoptic and mesoscale
meteorological processes, long-range transport,
seasonally competing natural and anthropogenic
emissions and the soil type. This is further aided
by its peculiar topography, spatially confining and
channelling these particles across the IGP until
they are flushed out to the northern Bay of Bengal
(Nair et al. 2007; Gautam et al. 2010, 2011;
Lawrence and Lelieveld 2010; Moorthy et al.
2013). Consequently, aerosols over the IGP are a
complex mixture of dust (from the western Indian
desert), black carbon (BC), organic carbon (OC)
and other anthropogenic species produced locally
(including those formed from the gaseous precur-
sors) as well as from nearby and distant sources.
Apart from the IGP, studies on aerosol properties
over other geographically diversified regions of
India have also shown large spatial and temporal
heterogeneity, thus making it very challenging to

derive an accurate regional scenario of the cli-
mate-impact of aerosols.
Characterisation of near-surface aerosol size

distributions over the Indian region has been
extensively studied using in situ measurements
(Pillai and Moorthy 2001 over Trivandrum;
Reddy et al. 2007 over Anantapur; Gogoi et al.
2011 over Dibrugarh, etc.). However, one of the
most important paucities is the lack of knowledge
on the vertical profiles of NSD and their spatio-
temporal variations over the Indian mainland.
Knowledge of the vertical profiling of the aerosol
size distribution over the Indian region is essential
to improve the accuracies of radiative forcing
estimations based on the quantification of height-
resolved aerosol information. However, in situ
characterisation of the aerosol size distribution
over the Indian region is very limited, even though
a few region-specific satellite-based studies (Gogoi
et al. 2013) or the inversion of columnar aerosol
extinction properties (e.g., Moorthy and Satheesh
2000; Gogoi et al. 2009) have provided informa-
tion on aerosol types and source characteristics at
a few selected locations. For example, over the
western part of India, the analysis of vertical
profiles of aerosol extinction and volume depo-
larisation ratio indicated the presence of strong
dust layers in the altitude region of 4–6 km,
ascertaining the high-aerosol index (Gogoi et al.
2013). As the major desert (Thar) is located
between north-western India and central Pak-
istan, the magnitude of dust impact is especially
experienced over semi-arid and arid regions of
north-western India. Moorthy et al. (2007) have
reported that the absorption efficiency of dust
over the Indian region is substantially higher than
that over the Saharan regions, probably due to the
mixing of dust with other species, or due to the
higher hematite content. Climate simulations
have shown the possible impacts of elevated
absorption and resulted warming on monsoon
circulation and rainfall distributions over Asia
(Lau et al. 2006; Satheesh et al. 2008; Gogoi et al.
2014). With the above background, we have
examined aerosol size distributions over distinct
geographical parts of India based on in situ mea-
surements, supplemented by aerosol scattering
and absorption measurements, during two aircraft
campaigns that were conducted during winter
2012 and spring 2013. The winter phase of the
campaign was carried out from 17 November to 30
December 2012, while the pre-monsoon (spring)
phase was executed from 25 April to 24 May 2013.
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2. Aircraft campaign and observational sites

The aircraft campaign was a part of regional
aerosol warming experiment (RAWEX), a project
under the Indian Space Research Organisation’s
Geosphere Biosphere Programme (ISRO-GBP).
The airborne measurements of aerosols were car-
ried out to (i) understand the contribution and
seasonality of elevated layers of absorbing aerosols
(dust and BC) in the regional warming and (ii)
delineate the share of long-range transport and
local contributions to the overall aerosol loading
and climatic implications. In this context, flight
sorties of a twin-engine turboprop aircraft (Super
King Beech craft, B200 of National Remote Sens-
ing Centre, ISRO) were operated over seven dis-
tinct locations of central India (CI) and northern
India (NI). Figure 1 shows the geographical posi-
tions of the base stations, viz., Hyderabad (HYD),
Nagpur (NGP), Lucknow (LKN), Dehradun
(DDN), Jodhpur (JDR), Jaipur (JPR), Patna
(PTN) and Ranchi (RNC), along with the pho-
tograph of the aircraft and the inlet system used in
the campaign. To understand the seasonal con-
trasts in aerosol properties, airborne measurements
over each of the selected sites (other than PTN)
were conducted during two contrasting seasons:
winter (December 2012) and spring (April–May
2013). The wintertime measurements at the pre-
selected site PTN were avoided due to foggy and
low-visibility conditions, but were carried out at a
nearby location, RNC. Thus, the measurements
from RNC and PTN are representatives of the

aerosol conditions during winter and spring over
the eastern part of the IGP.
During the entire campaign, the patterns of

aircraft sorties were uniformly maintained at all
the locations, each sortie making measurements at
six altitude levels, with about 30 min of sampling
time at each level. This was worked out based on
the aircraft endurance (4 h) and the ceiling altitude
permissible for unpressurised mode of operation
(*4 km) as described in an earlier paper (Babu
et al. 2016). At each altitude, the data collected
during the first five minutes of aircraft operation
were discarded in the analysis to exclude the effects
of any flow instabilities during flight manoeuvering
(Babu et al. 2006). As such, the average sampling
period in each level varied between 20 and 25 min.
All the sorties were made around noontime after
the convective boundary layer had fully evolved, so
that aerosols were well mixed along the vertical.
Occasional cloud-contaminated data encountered
during the experiment were screened based on a 2r
criterion, in which a sudden increase in aerosol
number concentrations at a particular level lying
outside 2r of the level average values was examined
and all aerosol data for that period collocated were
discarded from further analysis. Overall, the
percentage of discarded cloud contaminated
data is\3%.
During the experiment, the isokinetic flow of the

inlet sample was attained by maintaining (by an
external pump) a volumetric flow rate of*70 LPM
(based on laboratory calculations for an average
speed of 300 km/h for the aircraft during sampling)

Figure 1. The Indian Space Research Organisation (ISRO) aircraft (left) used in the present study, along the shrouded solid
diffuser inlet (middle) and the measurement locations (right) of RAWEX during winter 2012 and pre-monsoon 2013. The shaded
areas represent the broad regional classification (HF, WI, IGP and CI) of these stations. Typical staircase profiling at different
altitudes are also shown.
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to sample the air containing aerosols through a
shrouded solid diffuser (University of Hawaii) for
near-isokinetic sampling. The effectiveness of such
a diffuser inlet for sampling of aerosols in the sub-
micron size without a significant particle loss has
been reported (Huebert et al. 2004; Mc Naughton
et al. 2007). More details are available in Babu
et al. (2016). To exclude the aircraft emission in the
measurements, the front facing isokenetic inlet was
mounted close to the front side of the aircraft and
at a position much ahead of the exhaust area of the
engines. Thus, the exhausts of the engines were
passing much away from the sampling inlet.
Following the above-mentioned protocol,

aircraft measurements were carried out from the
selected base stations (details are given in table 1).
Broadly, these locations were selected to represent
the urban/anthropogenic sources and types of
aerosols over CI and NI and urban/arid sources
and types of aerosols over western India (WI).
Based on this classification, LKN, PTN/RNC and
DDN are located in the northern part of India,
more precisely LKN in the central and PTN/ RNC
in the eastern parts of the IGP, while DDN is a
Himalayan foothill (HF) site. JDR and JPR are
located in the arid/semi-arid regions of WI, while
HYD and NGP are located almost at the geo-
graphical centre of India.
Interestingly, all of the above sites are

representative of urban centres (dominated by
anthropogenic emissions from industry, homes and
traffic), as can be classified based on the criterion of
population density. According to this, all places
which possess a minimum population of 5000
(a density of population of at least 400 per sq. km.)
and at least 75% of the male main workers engaged
in non-agricultural pursuits are categorised as the
urban area (Census of India 2011). Babu et al.
(2013) have also used the population criterion to
classify the distinct geographic regions of India
(urban: population [2 million; semi-urban: 2

million[population[0.5 million; rural: population
\0.5 million). Depending on their geographical
positions, the types of aerosols occurring over these
sites vary with seasons. Babu et al. (2016) and Nair
et al. (2016) have reported regional distinctiveness
of the vertical profiles of aerosol optical properties
over the same geographic locations considered in
the present study, based on the data collected from
the same airborne experiment. In their studies, the
seven base stations were considered to represent
distinct aerosol environments over the central,
western, IGP and HF locations of India.
Located in the middle of the IGP, LKN

(26.76�N; 80.88�E, 123 m a.s.l.) is among the most
polluted cities in the world by particulate matter
concentration (WHO Global Ambient Air Quality
Database), with a major share coming from
vehicular traffic (Barman et al. 2017). As per the
2011 census, LKN has a population of 8.82 million.
Similarly PTN (25.59�N; 85.09�E, 54.5 m a.s.l.),
located on the southern bank of the river Ganges
towards the eastern part of India, is also in the list
of highly polluted environment (population – 1.07
million), which also experience heavy fog condi-
tions during winter. DDN (30.19�N; 78.18�E,
670 m a.s.l.), located in a valley in the Shiwalik
range in the foothills of the Himalayas, experiences
a significant influence of the IGP from the south
and east of it. To the north and east, DDN is under
the influence of high altitude Himalayas (the
Himalayan mountain ranges, more than *2000 m
tall, are located *300 km away from this site).
The population at DDN is 0.58 million (2011
census).
In the western part of India, JDR (26.25�N;

73.05�E, 426 m a.s.l.) is adjacent to the Thar
desert, while JPR (26.83�N; 75.82�E, 431 m a.s.l.)
is an urban area located north-west of JDR. The
Aravalli hills (mean elevation of 500–600 m), lying
a few hundred kilometres to the east of JDR, act as
a barrier separating it from the eastern plains of

Table 1. Operation details of aircraft at different locations of India during the winter and spring phase of RAWEX.

Region Location

Winter (November–December)

2012 Time

Spring (Apr–May)

2013 Time

CI Hyderabad (HYD) 18/19 November 10:30–15:30 25/26/27 April 11:30–14:30

Nagpur (NGP) 3/4/5 December 10:30–14:00 1/2 May 09:30–13:30

IGP Lucknow (LKN) 8/9/10 December 11:00–14:30 5/6/7 May 09:30–13:00

Patna (PTN)/Ranchi (RNC) 27/28/29 December 11:00–14:00 9/10/12 May 10:00–13:30

HF Dehradun (DDN) 12/13/15 December 10:30–15:00 14/15/16 May 10:00–14:00

WI Jodhpur (JDR) 17/18/19 December 10:30–14:30 18/20 May 09:30–13:00

Jaipur (JPR) 22/24 December 11:00–14:30 22/23/24 May 10:00–14:00
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India (Moorthy et al. 2007). Strong dust-raising
winds occurring from April to July and scanty
rainfall (\300 mm annually) influence the aerosol
loading over this region. JDR has a population of
1.03 million, nearly 1/3 of that of JPR (population
3.07 million).
In the central part of India, NGP (21.15�N;

79.15�E, 300 m a.s.l.) is located far from either the
eastern or the western peninsula of India. It has a
tropical climate, with dry conditions prevailing
throughout the year. It has a population of 2.4 mil-
lion (Census of India 2011). The region records high
temperatures, going up to 48�C, in the spring season
(March to May) (Kompalli et al. 2014). Towards the
south-west of NGP, HYD (17.39�N; 78.49�E, 557 m
a.s.l.) is located in the northern part of the peninsular
region. It is a metropolitan city with a population of
6.81 million (Census of India 2011) and has large
urban emissions from industries and automobiles
(Kompalli et al. 2014).

3. Measurements, data and analysis

The present study addresses the seasonality of the
vertical profiles of the aerosol size distribution and
total number concentrations over seven selected
sites in India during winter and spring seasons.

3.1 Aerosol number size distribution and optical
properties

Near real-time measurements of aerosol NSDs and
total number concentrations were made onboard
the aircraft using an aerodynamic particle sizer
(APS) spectrometer (TSI, Model: 3321) in the size
(aerodynamic) range from 0.5 to 20 lm (52 chan-
nels). The size distribution in APS is determined
based on the time of flight of individual particles
flowing through an accelerating field. As the mea-
surements are based on the aerodynamic diameter,
they are insensitive to the physical size, shape,
density and composition of the particles.
During the present study, aerosol samples were

drawn into the APS using the isokinetic inlet system
described earlier. From the main inlet assembly, the
APS aspirated the aerosol samples at a flow rate of
1.0 ± 0.2 LPM, while the sheath flow was main-
tained at 4.0 ± 0.1 LPM, for a total flow rate of
5.0 ± 0.1 LPM. Any changes in flow rates due to
variation in ambient pressure (varying between 1034
and 600 hPa) during vertical profiling were auto-
matically corrected by the instrument. The effects of

change in temperature and relative humidity were
small and within the operational ranges of the
instrument (between 10 and 45�C for temperature
and in the RH range of 10–90%, non-condensing).
Under standard conditions of atmospheric temper-
ature and pressure, the uncertainty of the instru-
ment for coincident measurements is\2% (for 1000
particles/cm3 at 0.5 lm diameter) and less than 6%
coincidence (for 1000 particles/cm3 at 10.0 lm
diameter). Volckens and Peters (2005) have repor-
ted the counting efficiencies of different versions of
APS, for a range of particles (0.8–10 lm) having
different physical (solid or liquid) properties. The
liquid aerosols considered in their experiments were
monodisperse-liquid droplets, created using serial
dilutions of an ethanol-based solution containing
oleic acid tagged with uranine (90:10 mixture) and
aerosolised with a vibrating orifice generator
(VOAG 3450 TSI Inc., Shoreview, MN). On the
other hand, monodisperse-solid aerosols include:
(i) fluorescent, polystyrene latex (PSL) spheres
(Duke Scientific, Palo Alto, CA) nebulised from
suspension in distilled, deionised water and (ii)
ammonium fluorescent particles created with the
VOAG (Vanderpool and Rubow 1988). For solid
particles, Volckens and Peters (2005) have reported
quite-high counting efficiencies (85–99%); even
though it declined for liquid droplets (from 75 to
25% corresponding to an increase in the drop size
from 0.8 to 10 lm drop). Thus, the uncertainty
involved with the APS measurements is mainly with
aerosols in the liquid phase. As the present study
was conducted under dry atmospheric conditions,
the uncertainty due to liquid aerosol is minimum.
Moreover, the data collected during the passing of
the aircraft through occasional clouds in its flight
path were discarded. This ensures that the quality of
data used in the study is of good confidence level.
Other loss mechanisms include the particle losses
due to aspiration, transmission, detector error and
experimental error. In general, instruments are cal-
ibrated prior to the experiment following the stan-
dard protocol. To ensure the stability and quality
data collection, a factory calibrated freshly procured
instrument was employed during the campaign. In
addition, the consistency in the APS flow was peri-
odically checked and optical components and tubing
of the system were carefully cleaned immediately
after moving to a new station. It should also be
noted that there is no absolute calibration standard
for particle number concentration. The sizing and
counting efficiency is checked using Polystyrene
latex (PSL) spheres and a reference counter. Along
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with APS, a suite of other instruments was operated
in the aircraft. These instruments were also pre-
calibrated prior to the experiment. The details of
calibration, the associated uncertainties and the
mode of operation of various instruments in the
same airborne platform were reported by Babu et al.
(2016) and Nair et al. (2016). To ensure the normal
operating condition in the aircraft, the isokinetic
flow was ensured during the motion of the aircraft
and thus the stability of the measurements.

3.2 Data processing

The particle concentration (ni) in the ith channel of
the APS is estimated based on the particle counts
per channel (ci), sampling time (t), sampling flow
rate (Q), sample dilution (ui) and sample efficiency
factor per channel (gi), which gives the number of
weighted concentration per channel as

ni ¼
c

tQ

ui

gi
: ð1Þ

The total concentration (N) for each sample is
then

N ¼
Xu

l

ni ð2Þ

where l and u represent the lower and upper
boundary of the APS channels. The other
parameters of interest, such as the geometric
mean diameter (Dg) and geometric standard
deviations (rg) are calculated as

Dg ¼ exp

Pu
l nlnðDpiÞ

N

� �
; ð3Þ

rg ¼ exp

Pu
l n lnDp � lnDg

� �2

N

" #1=2

: ð4Þ

Here, Dp denotes the midpoint diameter of each
channel.
Concurrent measurements of scattering (rsca)

and absorption (rabs) coefficients were also made
onboard using a three-channel (450, 550 and 700)
integrating nephelometer (TSI 3563, USA) and a
seven channel (370, 470, 520, 590, 660, 880 and
950 nm) aethalometer (Model-AE33, Magee scien-
tific, USA), respectively. The details of the
deployment and operation protocol onboard, mea-
surements and data analysis methodologies were
discussed in earlier studies (Babu et al. 2016; Nair

et al. 2016) and are not repeated here. The
nephelometer was calibrated prior to the aircraft
experiment, using carbon dioxide as high-span gas
and air as low-span and again after the campaign
to ensure the stability of the system.
The pressure and flow-integrity issues of the

nephelometer operation onboard the aircraft were
less significant in this experiment as the measure-
ments were carried out under unpressurised con-
ditions (ambient and cabin pressure remained the
same) and the ceiling altitude never exceeded
650 hPa (corresponding to 3–3.5 km a.s.l.). Thus
the leak and pressure integrity issues were only of
secondary nature. In the case of the aethalometer,
the steady sample flow was ensured by frequently
monitoring the total flow and sample flow rates
externally. In addition, as it is very difficult to
maintain a constant flow during take-off, landing,
ascending and descending from one level to
another, the first 5 min data after attaining each
level were excluded from further analysis.
The inherent biases of the nephelometer (angular

truncation) and the aethalometer (multiple scat-
tering and loading effects) measurements were
rectified following the correction schemes proposed
by Anderson and Ogren (1998) and Arnott et al.
(2005), respectively, and described in the earlier
studies (Babu et al. 2016; Nair et al. 2016). The
corrected values of scattering and absorption
coefficients were used for the estimation of single-
scattering albedo (SSA), as well as extracting
information on distinct aerosol/source types based
on their wavelength dependence, inferred by linear
least squares fit to the relation,

rsca;abs ¼ bk�asca;abs ð5Þ

where rsca and rabs are scattering and absorption
coefficients and asca and aabs are wavelength
exponents for scattering and absorption, respec-
tively. Using the wavelength dependence of rsca,
the nephelometer values were extra/interpolated
to the aethalometer wavelengths to estimate SSA
at common wavelengths.

4. Results and discussion

4.1 Vertical profiles of aerosol total number
concentrations and size distributions

The regional and seasonal distinctiveness of the
vertical profiles of aerosol total number concen-
trations (NT, cm

�3) over the distinct regions of HF,
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WI, IGP and CI are depicted in figure 2; denoted
by blue and red symbols to the values for winter
and spring seasons, respectively. The starting
points of all profiles represent the surface altitude
(in ‘m’) of individual base-stations above the mean
sea level (a.s.l.).
The figure indicates higher values of NT near the

surface at all observational sites during both winter
and spring, having higher values in winter than in
spring. This indicates the confinement of aerosols
(local emissions) within the shallow atmospheric
boundary layer (ABL) during the winter season.
During spring, increased vertical mixing due to
higher-thermal convection resulted in the dilution
of the near-surface concentration.
The highest near-surface aerosol concentration

was seen at LKN in the IGP, which varied between
342.2 ± 17.2 and 528.4 ± 12.4 cm�3, while the HF
site DDN showed the lowest concentrations
(22.4 ± 3.1 to 54.8 ± 3.6 cm�3, an order of mag-
nitude lower than the highest concentrations at
LKN) during the winter phase of the experiment.
Vertically, aerosol concentrations decreased, in
general, with an increase in altitudes during

both the seasons; however, there were certain
region-specific features. Over LKN and DDN, NT

appears to depict larger variation at the higher
altitudes (above *1.5 to 2 km) above the local
boundary layer in winter. By higher altitude, we
refer to the lower free-tropospheric (FT) regions
above the well-mixed ABL.
In contrast to winter, NT showed enhanced

vertical homogeneity during spring at all observa-
tional sites; attributed to the enhanced vertical
mixing during this season caused by the thermal
convection. In summary,

1. Near-surface (at lower atmospheric altitudes
below *1 km) aerosol concentrations were
higher during winter than in spring.

2. In the lower FT (above *2 km), the number
concentrations tend to be higher in spring than
in winter. More homogeneous distribution of the
particles in spring leads to the increased aerosol
concentrations at higher altitudes.

3. The spatial pattern of near-surface aerosol
concentration in winter showed the highest
abundance over the industrialised location
LKN (NT [100 cm�3) in the IGP, while the

Figure 2. Vertical profiles of total number concentration (NT) of aerosols. The red lines joining the red symbols represent spring
season and blue lines joining the blue symbols represent the winter season. The fitted lines with respect to the solid and open
circles are shown by the solid lines, while those fitted for the asterisk symbols are shown by the dashed lines. A.S.L. stands for
altitude above sea level. The starting points of all the profiles in each panel correspond to the station heights above mean sea
level.
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lowest concentrations (lower by an order of
magnitude) were seen at the HF site DDN (NT

*20 cm�3).
4. Spring time enhancement in aerosol total num-

ber concentrations in the lower-FT altitude
(beyond 2 km) is more significant over the
central (HYD, NGP) and the west (JDR and
JPR) Indian locations. While LKN in IGP
showed a mixed pattern with the enhancement
occurring only at altitudes *2 km or above,
DDN depicted higher values in winter even up
to an altitude of 3.5 km.

In view of the above, the average values of NT at
each of the locations were examined separately for
two vertical regimes; one within the ABL (below
1 km) and the other in the FT region (above 2 km).
It may be noted that this classification may not
hold good in completeness during spring over some
of the locations like NGP, where ABL heights
extend to more than 2 km (Kompalli et al. 2014).
Nevertheless, such classification helps in delineat-
ing near-surface and elevated-aerosol contribution.
The mean values of NT during winter and spring,
along with the variability of NT from winter to
spring for the FT (given as NT ratio = (NT, SPR

� NT, WIN)/NT, SPR)) and within the ABL (given
as NT ratio = (NT, SPR � NT, WIN)/NT, WIN)), are
shown in figure 3. The figure clearly shows that the
average values of NT in the well-mixed region
(below 1 km) in winter is higher [NT-ratio, goes as
high as 80%] at all locations. However, over the

lower-FT region (above 2 km), enhancement in the
aerosol concentrations during spring ([50%) is
clearly seen over the IGP, WI and CI regions
(highest enhancement (*86%) of aerosol concen-
tration was seen at HYD). On the other hand, the
winter to spring ratio of the average values of NT

(above 2 km) at the HF site DDN showed an
opposite pattern, depicting significant reduction of
NT from winter to spring. This feature is unique
occurring over the northern part of India; possible
reasons for which are examined in the subsequent
sections.
To understand the dominant particle sizes and

corresponding modes, mean aerosol NSDs at vari-
ous altitude regimes (near surface, well-mixed
region, transition regions and the lower FT) are
examined in figure 4, representative of winter
(WIN) and spring (SPR) for the distinct regions. In
general, aerosol NSDs, both in the mixed layer and
FT regions, found to follow unimodal distributions
(within the size range of 0.5–20 lm). The distri-
butions also showed variations in particle concen-
trations at different size bins corresponding to the
measurements in different altitude regions as well
as during winter and spring. Near the surface,
seasonal changes in aerosol-size distributions (pri-
mary mode occurring at*0.8 lm for the size range
of aerosols considered in the present study) were
more conspicuous at JDR and JPR in the western
part of the country having higher concentrations of
the fine mode particle in winter. On the other hand,

Figure 3. Aerosol total number concentrations (NT, cm
�3) in the well-mixed layer and lower FT during spring (SPR) and winter

(WIN), along with the variability of NT, (normalised difference) from winter to spring within the ABL (given as NT

ratio = (NT, SPR � NT, WIN)/NT, WIN) and in the lower-FT (given as NT ratio = (NT, SPR � NT, WIN)/NT, SPR) over selected
locations of India.
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near-surface aerosol size distributions across the
entire size range were higher over the IGP and CI
in winter. The seasonal distributions over these
locations gradually coincide at 1 and 2 km alti-
tudes. At higher altitudes beyond 2 km, size dis-
tributions in spring dominate the entire size
spectra at all locations except DDN. At the HF
site DDN, the aerosol-size distribution in winter
was significantly higher even at the FT altitude,
while the measurements at WI and IGP locations
showed more conspicuous enhancements in the
FT regions, with a corresponding decrease at the
surface.

4.2 Parameters of aerosol NSDs

To quantify the seasonal variations of the alti-
tudinal distributions of aerosol NSDs, various
parameters, such as mode [Dp(nmax)], geometric
mean diameter (Dg) and coarse mode ([1 lm)
number concentrations (NC) of aerosols were

examined. Values of NC were estimated to
quantify the influence of coarse mode aerosols
(which are more likely to be mechanically gen-
erated and hence natural), considering 1 lm as
the cut-off particle diameter from accumulation
to coarse (M€onkk€onen et al. 2005; Babu et al.
2016), in the size spectra. Vertical profiles of
mode and Dg are shown in figure 5, with the solid
and open circles representing the values for
spring and winter, respectively. While mode
gives the information about the dominant parti-
cle size, the geometric mean diameter of a system
of particles represents the 50% probability point
of an equivalent diameter having half of the
particle concentrations larger than this size and
the remaining half below that. As such, a pro-
portionate change in the aerosol number con-
centrations in the entire size range of a
distribution can reveal similar values of Dg;
however, their optical influence will be different
based on their total concentrations at different
size regimes.

Figure 4. NSDs (dN/dlogDp, cm�3) at four distinct altitude regimes (surface, 1, 2 and 3.5 km AGL) during spring (SPR, red
colour) and winter (WIN, blue colour) over the HF: DDN; WI: JDR and JPR, IGP: LKN, RNC/PTN and CI: HYD and NGP).
AGL stands for altitude above ground level.
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In the present study, the modes of the entire size
distributions varied between 0.6 and 0.7 lm, in
general, even though the values of Dg varied over a
broad range between 0.7 and 1.1 lm. As Dg is the
number weighted diameter, it is hard to infer a
clear picture of the average particle size from the
ensemble of particle sizes measured during the
present study, as the lower size range of APS is
limited to 0.542 lm.
Figure 6 shows the vertical profiles of coarse

mode (number) fraction (CMF *NC/NT, NT being
the total number of concentrations of aerosols in
the size regime captured by APS measurements). It
clearly reveals higher values of CMF above the
mixing region in spring over the WI, IGP and HF
locations, while the dominance of coarse mode
aerosols remained dominant in winter up to lower
FT over the CI. The enhancement in CMF at the
higher altitudes in spring is the highest over WI
([10% in some days), followed by the IGP. In
contrast to this, in the well-mixed region, values of

CMF showed mixed behaviour, showing significant
higher values ([20%) during spring at WI. The
pattern is opposite over the IGP where the domi-
nance of fine mode aerosols is significant near the
surface (as indicated by the lower values of CMF)
during spring compared to those during winter. On
the other hand, the presence of coarse-mode aero-
sols at higher altitudes (i.e., above the well-mixed
boundary layer region) in spring is very interesting
and an important aspect in the context of under-
standing the regional circulation systems as well as
their perturbations to the radiative forcing
mechanisms.
There are several factors (e.g., turbulent mixing)

which influence the vertical dispersion of aerosols
from surface to higher altitudes. Inside the ABL,
particles are well-mixed due to eddy turbulences
associated with solar heating. As the aircraft
measurements were obtained during daytime, ver-
tical dispersion is stronger in spring than in winter
due to prevailing higher temperatures. This results

Figure 5. Vertical profiles of modes of the distributions and geometric mean diameters (Dg, lm) of aerosols in distinct geographic
regions of India.
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in increased abundance of aerosol concentrations at
higher altitudes during spring compared to winter.
In winter, the combined effect of prevailing lower
temperatures, calmer wind conditions and
decreased solar heating result in weaker convective
processes, leading to lower-ABL heights, low-level
inversions and a decrease in ventilation of aerosols.
Hence, the particles are confined closer to the
surface, leading to enhancement in particle con-
centrations in winter.
Several earlier investigators have reported the

abundance and role of coarse-mode aerosols on
radiative implications over the Indian region (e.g.,
Verma et al. 2012). However, most of the observa-
tions are based on the near surface in-situ measure-
ments. In contrast, the spatio-temporal variation in
the vertical profiles of aerosol size distributions and
CMF in the present study assumes the importance
to understand the column-integrated properties of
aerosols and hints to the upper-level transport of
dust from the western part of India to the IGP.
During spring, strong vertical mixing raises the
coarse particles to higher heights, the long-range
transport from the dust-dominated regions of WI
may contribute to the enhancement of coarse

particle concentrations over the IGP at different
altitudes, depending on the wind characteristics.
During May, the thermal or heat low (i.e., non-
frontal low pressure area occurring over the arid
regions due to intense heating) leads to build up of a
temperature gradient at lower atmospheric levels.
The heated air in the lowermost layer of the atmo-
sphere expands in volume, becomes light and rises
higher in the atmosphere, thus intensifying the large-
scale convective processes. Thus, the air masses
passing through this region are transport pathways
for dust due to the presence of the Thar desert.
Apart from the Thar as the primary source of dust
loading in north-western India, dust transport from
the Arabian Peninsula and the Middle East Gulf
regions are important during the spring season.
Several earlier investigators have reported the
advection of mineral dust from West Asia or the
Thar to the north Indian region during the pre-
monsoon season and their radiative consequences
have been discussed (Moorthy et al. 2007; Beegum
et al. 2009).
As far as dust influence is concerned, mineral

dust particles are not spherical. The pure mineral
dust, which is absorbed in UV and visible

Figure 6. Vertical profiles of aerosol CMF over the regions of WI, IGP, CI and HF.
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wavelengths because of the hematite content
(Fe2O) present in the dust, interacts with car-
bonaceous species like BC and OC during its
transport. This gives rise to complex agglomerates
which can be stated as polluted dust (Lelieveld
et al. 2002; Sullivan and Prather 2007; Yang et al.
2009a, b). The composite mixture of pure mineral
dust with carbonaceous pollutants differs from
pure mineral dust in terms of particle morphology,
chemical composition (governing refractive index),
hygroscopicity and cloud condensation nuclei
(Mishra and Shibata 2012a, b). These characteris-
tics of polluted mineral dust govern the deviation
in optical properties and radiative forcing com-
pared to that of pure mineral dust. With a view to
investigating further about the ubiquitous presence
of polluted dust at higher altitudes beyond the
altitude range of aircraft measurements, aerosol
extinction coefficients (rext, in Mm�1) and PDRs
from Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO) were examined.

4.3 Vertical profiles of PDR

The depolarisation ratios (defined as the ratio of
the perpendicular to the parallel components of the
range corrected aerosol backscatter in the Lidar
profile) are useful indicators of the discrimination
between spherical and non-spherical particles, liq-
uid aerosol droplets and dust or cloud droplets
(Winker et al. 2007). Higher depolarisation ratios
(*0.3) indicate the presence of non-spherical dust
particles, while lower PDR corresponds to spheri-
cal particles, which are more likely to be of
anthropogenic origin, if in the accumulation
regime. Categorisation of PDR for the accurate
identification and quantification of dust has been
reported to vary from 0.2 to 0.4, whereas it is
identified to be less than 0.05 for spherical particles
(e.g., Freudenthaler et al. 2009; Tesche et al. 2009;
Mamouri and Ansmann 2014 and references
therein).
In the present study, we have examined vertical

profiles of aerosol extinction coefficients and PDR
(figure 7), averaged for all the profiles available
within the 1� 9 1� grid around each of the experi-
mental sites during the entire campaign period
representing winter (18 November 2012 to 25
December 2012) and spring (25 April 2013 to 25
May 2013). We have used level-2 version 4.10 (V4)
products (released in November 2016), which are
the first wholly a new release of the CALIPSO
Lidar level-2 (report on the geophysical parameters

derived from level-1 data) data products since the
initial release of the Version 3 (V3) series of prod-
ucts in May 2010. While level-2 data report quan-
tities such as layer location (i.e., base, top, latitude
and longitude), layer type (e.g., cloud or aerosol)
and a number of derived optical parameters,
including optical depths, V4 provides a substantial
advance over V3 and earlier releases; known
retrieval artifacts have been eliminated and
numerous enhancements have been incorporated to
increase the accuracy of the science data while
simultaneously reducing uncertainties. In October
2018, the version 4.20 (V4) CALIOP data product
was released, which was identical to the V4.10 data
product with the addition of several HDF science
data sets that provide information to the user for
filtering out low-laser energy shots.
Based on the available profiles over a geo-

graphical grid during the period of flight operation
in winter and spring, seasonal averaging of the
CALIPSO profiles was made. The seasonal mean
picture is presented due to the lack of simultaneous
satellite overpasses to that of the aircraft mea-
surement over a particular region. Thus, the
profiles of rext and PDR are representative of the
broad feature and are not concurrent. It is observed
from figure 7 that the values of PDR over most of
the Indian region were higher during spring com-
pared to that during winter. Over the IGP (LKN)
and HF (DDN), PDR shows a gradual increase in
the altitude during spring with occurrences of very
high values (0.2–0.4 at LKN and [0.4 at DDN)
above 3 km. It is seen that, at LKN, the springtime
values of PDR were higher than the values at
winter prevailing up to an altitude of 2.5 km. This
is indicative of the contributions of coarse mode
particles to the higher values of rext seen over LKN
during spring above the well-mixed region; whereas
lower values of PDR *0.1 in the mixing region is
indicative of the dominant contribution of fine
mode aerosols to the observed values of rext. Dur-
ing winter, even though a higher value of PDR[0.3
was noticeable at *3 km altitude over LKN, the
simultaneous value of rext is not high. These
observations thus support the presence of coarse
particles in the NSD spectrum during spring, which
is significant, resulting in the higher values of rext
in spring.
Over the CI locations of HYD and NGP, vertical

profiles of rext (a sharp reduction of rext in the well-
mixed region followed by a near-steady pattern
above 1 km) in spring are similar to aerosol total
number concentration (NT) profiles seen in figure 2.
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This is associated with a gradual increase in PDR
from the surface to an altitude of *1.5 km at HYD
and near-steady values at NGP. Over HYD, the
corresponding PDR remains nearly steady (*0.15
to 0.2) above the well-mixed region after increasing
from a very low value (0.02) at the surface; while
that over NGP increased beyond 0.2 at a higher
altitude (2–3 km). An increase in PDR along with
NT at higher altitudes above the well-mixed region
over both HYD and NGP during spring indicates
the influence of dust aerosols at higher altitudes
associated with the convective lifting due to solar
heating. On the other hand, even though the values
of PDR in winter significantly increase at a higher
altitude over both HYD and NGP (*0.2 at 2–3 km
at HYD and *0.4 at 3–4 km at NGP), the values of
rext are not significantly high at the corresponding
heights. Thus, even though the coarse mode aerosol
fraction in the well-mixed region is higher in winter,
the influence of dust aerosols is more significant in
spring, to maintain observed consistent high values
of rext associated with higher number concentra-
tions. This is in agreement with the large NT ratio
shown in figure 3.
Over the WI locations JDR and JPR, steady

PDR profiles (PDR *0.3) during spring indicate

the presence of dust from the surface to about
3 km. Whereas in winter, lower values of PDR
(\0.2) and the higher values of rext exist in the
well-mixed region over both these locations, indi-
cating a dominant contribution from fine mode
particles to the aerosol extinction near the surface.
While in JDR, polluted dust (PDR *0.2) con-
tributed significantly to the higher rext over the
rest of the column. In contrast to this, PDR at JPR
shows an increasing pattern with altitude sug-
gesting the presence of dust transport at higher
altitude levels, suggesting higher-CMF.
In general, peaks in the extinction coefficients

and associated higher depolarisation ratios at
higher altitudes suggest the presence of elevated
dust. However, dust particles usually mix with
local polluted particles (e.g., BC and OC) due to
substantial anthropogenic emissions and/or uptake
of secondary aerosol species in this region (e.g.,
water-soluble material) (P�osfai et al. 2013). Such
internal and external mixing could change the
chemical and morphological properties of dust,
thus its radiative properties, which would be dif-
ferent from original dust. During biomass burning
period, transported dust is commonly mixed with
BC particles (e.g., Li and Shao 2009). As BC

Figure 7. Vertical profiles of particulate depolarization ratio (PDR) and aerosol extinction coefficient (Data product – CALIPSO
Level-2, Version 4.1 data, re-gridded to 1� 9 1� spatial resolution) over each of the study locations.
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particles are always aggregates composed of ten to
hundreds of tiny and nearly spherical monomers,
dust particles can provide reaction sites for
heterogeneous chemical reactions and particle
coagulations. Li and Shao (2009) have reported
examples of dust particles coated in more than 90%
of haze samples. Thus the polluted dust is more
spherical in nature leading to lower values of
depolarisation ratios. The presence of polluted dust
as evident from CALIPSO PDR over the winter
atmosphere over India needs to be properly mod-
elled for remote sensing and radiation balance
applications.
With a view to understanding the distinct aerosol

types prevailing during the flight operations, we
have further examined the CALIOP vertical feature
mask (VFM) and aerosol types over the selected
Indian regions. VFM indicates different atmospheric
features detected by selective, iterated boundary
location algorithm that includes: (i) clean air, (ii)
cloud, (iii) tropospheric aerosols, (iv) stratospheric
aerosol, (v) surface, (vi) sub-surface and (vii) totally
attenuated condition during the satellite overpasses.
Similarly, based on the back-scattered intensity and
depolarisation ratio observations, the CALIOP
Lidar ratio selection algorithm classifies the tropo-
spheric aerosols into seven subtypes: (i) marine, (ii)
dust, (iii) polluted continental/ smoke, (iv) clean
continental, (v) polluted dust (dust mixed with
anthropogenic aerosols), (vi) elevated smoke and
(vii) dusty marine.
Figure 8 shows the cross-sectional views of

CALIOP VFM (level-2 version-4.1) along the track
of the satellite overpasses over the Indian region for
a few representative days of winter and spring
during the period of aircraft experiment. The orbits
tracks of CALIPSO are shown in the inset. The
figure clearly shows the confinement of tropospheric
aerosols below 3 km during winter, which extends
up to an altitude as high as 5 km during spring.
With a view to examining the contributions of dif-
ferent aerosol types to the altitudinal and spatio-
temporal variations of aerosols, the frequency of
occurrence of each of the aerosol types at different
vertical regimes is estimated. For this, we have
considered all the CALIOP profiles available within
the 1� 9 1� grid around each of the experimental
site during the entire campaign period (18 Novem-
ber 2012 to 25 December 2012 for winter and 25
April 2013 to 25 May 2013 for May). The frequency
distribution of four dominant aerosol types is shown
in figure 9, which clearly demonstrates the vertical
inhomogeneity of the occurrences of distinct types of

aerosols (e.g., dust, polluted dust, elevated smoke
and polluted continental/smoke) over different
geographic regions and seasons. The signature of
dust loading at higher altitudes during spring is a
consistent feature over most of the Indian locations.
Over the IGP, higher dust loading in spring is
accompanied largely by the occurrences of polluted
dust in the lower-FT regions. On the other hand,
the dominated aerosol types over the IGP during
winter are polluted continental and smoke aerosols.
Similarly, higher occurrence of the elevated smoke
over WI during winter is significant, the scenario
which also changes to the dominance of dust and
polluted dust during spring. Higher occurrence of
the presence of elevated smoke and polluted dust is
also seen over the HF during winter, while the
dominance of dust loading during spring is very
significant over this region.

4.4 Moderate resolution imaging
spectroradiometer (MODIS) fire counts

One of the major processes that can pollute dust at
higher altitudes (as seen during winter) is by
emissions, either from natural (biomass burning) or
anthropogenic (vehicular or industrial) sources.
Over the urban/continental locations of India,
emissions from vehicular combustions, brick kilns
and coal burning assume dominant shares (Ghosh
et al. 2014) but they need focused observations
with emission estimates and modelling efforts to
quantify. But large-scale biomass burning contri-
butions can be delineated from space-borne obser-
vations. In this regard, to examine emissions from
biomass burning sources, MODIS (collection-5,
version-6) cloud and overpass corrected fire pixels
counts were examined.
The MODIS instrument on board the Terra and

Aqua EOS satellites acquires data by continuously
providing global coverage every 1–2 days. Terra
and Aqua satellites pass over the equator at
*10:30 am to 1:30 pm every day. There are at
least 2 daily MODIS fire observations for almost
every area on the equator, with the number of
overpasses increasing (due to overlapping orbits)
closer to the poles. The fire pixels indicate the
geographic position and the magnitude of the fire
events, which are identified based on a contextual
algorithm that exploits the strong emission of mid-
infrared radiation from fires. This algorithm
examines each pixel of the MODIS swath, and
ultimately assigns to each one of the following
classes: missing data, cloud, water, non-fire, fire or
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unknown (Giglio et al. 2003). In some cases,
MODIS cannot detect certain fire if the fire starts
and ends between satellite overpasses. Occasion-
ally, the too small or too cool fire cannot be
detected.
In the present study, the spatio-temporal

distribution of the fire pixel counts is examined for
the months of October, November and December
2012 and March, April and May 2013. Even though
the figure is representative of a monthly picture, it
is indicative of the seasonal transformation of the
fire activities from winter to spring showing dis-
tinct regional distributions.
As shown in figure 10, the considerable presence

of biomass burning over northern India, towards the
south-west of DDN is clearly noticeable in the
month of October and November 2012. The
observed higher values of NT in the elevated regions

of DDN in winter are thus supported by these
additional local/regional source impacts, coupled
with wintertime temperature inversions taking
place due to the unique topography of the region.
The high hills and mountains located in the north
and eastern side of DDN play a key role in creating
temperature inversion as it can cause cold air to flow
from mountain peaks down into valleys. This cold
air then pushed under warmer air rising from the
valley, creating the inversion. Thus regionally
emitted smoke or polluted dust, which is injected to
the higher altitude during the post monsoon
(October–November) season, may reside over a
longer period spanning until winter, leading to the
higher aerosol number concentrations at higher alti-
tudes in winter. While other regions did not seem to
have any close-by biomass burning emission sources,
the transport component cannot be neglected.

Figure 8. Vertical feature mask along the satellite track during a few representative days of winter 2012 and spring 2013. The
satellite tracks are shown in the inset and the red rectangular boxes in the satellite tracks show the section of satellite passes for
which the profiles of VFM are shown. The yellow rectangular boxes denote spread of VFM across the Indian region along the
satellite track.

J. Earth Syst. Sci. (2019) 128:225 Page 15 of 22 225



4.5 Role of transport

Analysis of 5-day isentropic back trajectory (using
HYSPLIT FNL data sets) was carried out for the
respective days of the areal sorties at each site to
understand the advection pathways favouring a
long-range transport (figure 11). The receptor
altitude at *1500 m above ground level (AGL) is
considered typical to understand the major path-
ways. It is seen from figure 11 that, in most of the
cases except HYD, air masses during spring origi-
nated at the far African desert regions and
traversed through the arid/desert regions of north-
western India, before arriving at the receptor sites.

In the case of HYD, the origin of air masses during
spring was confined to the northern part of India,
except in a single day, during which air masses
originated in the marine region of the Bay of
Bengal. Over the north Indian IGP location of
LKN, the air masses in spring originated in the far
African desert regions; while during winter, most of
the air masses originated in the Indian desert
regions. Similarly, in the case of the HF region in
winter, trajectories ending at DDN had significant
overpass time over the desert and continental
regions of WI. Over the WI locations of JDR and
JPR, air mass pathways are similar to those
arriving at the IGP site LKN. The above

Figure 9. Vertical distribution of the frequency of occurrences of dominant aerosol types (Dust, Polluted dust, Smoke and
Polluted continental) over each of the study locations, obtained from all the CALIOP profiles available within 1� 9 1� grid
around each of the experimental site during the entire campaign period (18 Nov 2012 to 25 Dec 2012 for winter and 25 Apr 2013
to 25 May 2013 for spring).
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observation clearly supports the significant role of
dust transport to the northern part of India during
the spring season.

4.6 Aerosol optical properties

In figure 12, we present the mean values of aerosol
absorption coefficients ‘rabs’ for each of the regions,
obtained from the concurrent measurements, for
the well-mixed region and the lower FT. In the
bottom panel, the corresponding absorption aero-
sol optical depth ‘AAOD’ (estimated by integrat-
ing vertical profiles of rabs from the surface to
ceiling altitude *3.5 km of aircraft measurement)
is shown.
As seen from the top panel of figure 12, in the

FT, the magnitude of aerosol absorption (as indi-
cated by the higher values of rabs) during spring is
significantly higher over the IGP than the values at
WI, HF and CI locations. Seasonally, the spring
time values of rabs in the FT region of IGP are
nearly double the values during winter. The lowest-
FT values of aerosol absorption during spring is
seen over the WI region, as the region is compar-
atively less influenced by the industrial and bio-
mass burning activities in comparison with the
other parts of the country. This is also in line with
the values of CALIPSO extinction coefficients (as
shown in figure 7), as well as, the higher values of

PDR and coarse-mode aerosol concentrations.
However, over the HF and CI regions, the FT
values of rabs are higher even in winter. This
observation is also in line with the vertical profiles
of the frequency distributions of elevated smoke,
showing significant presence during the winter
season. In the well-mixed region (ML: middle panel
of figure 12), the nature of aerosol absorption
changes and has dominance of rabs over the IGP in
winter.
In the case of AAOD, the HF region shows the

highest AAOD during spring, whereas other regions
showed higher AAOD during winter. Over the IGP,
the difference between winter and spring was mini-
mal indicating the influence of large-scale anthro-
pogenic activities during both winter and spring,
where the overall columnar contribution from the
intense surface contribution during winter is replaced
with strong contribution from FT during spring. A
similar feature is also reflected in the vertical profiles
of the frequency distributions of dust, polluted dust
and elevated smoke occurring over the IGP, which
leads to the enhancement of rabs during spring in the
FT region of IGP with a subsequent decrease in the
values of rabs in the ML region.
Using the vertical profiles of scattering and

absorption coefficient, we have estimated the mean
values of aerosol SSA (or x = ratio of scattering
coefficients to extinction coefficients) for the FT

Figure 10. MODIS fire count map over the Indian region during October, November and December, 2012 (top panel, L-R) and
April, May and June, 2013 (bottom panel, L-R), shows the biomass burn areas to the west of DDN in the northern part of India
during October–November and in May.
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regions (i.e., considering values above 2 km alti-
tude) and this is shown in figure 13 for each of the
FT regions above the observational sites. Generally
varying between 0.7 and 1 in the atmosphere, SSA
decides whether aerosols cool or warm the top of
the atmosphere. The mean values of SSA at 520 nm
in the FT regions clearly indicate the relative
dominance of absorbing aerosols in spring, which is
most significant over the IGP, leading to comparable
values of AAOD during winter and spring.
The larger dispersion of the absorbing aerosols to

higher altitudes during spring, as indicated by the
difference in the values of rabs has more radiative

implications, even though the AAOD values during
both winter and spring were comparable. Nair et al.
(2016) have reported that the advection of west
Asian dust at lower FT contributes to high-AAOD
values during the spring season, leading to vertical
heterogeneity in the distribution of coarse-mode
aerosols and the presence of elevated layers of
absorbing aerosols during spring over the northern
parts of India. A decrease in BC mass concentra-
tion at the surface from winter to spring is also
indicative of vertical redistribution and accumula-
tion in the lower FT (Nair et al. 2016). This would
contribute significantly to the diabatic heating in

Figure 11. HYSPLIT airmass back-trajectory analysis ending at lower free-tropospheric regions (1500 m AGL) over the
measurement locations (other than DDN). Over DDN, the trajectories are calculated with respect to receptor height of 3100 m
AGL. The solid square (bigger) symbols are used to represent spring, while star (smaller) symbols represent winter. The colors
represent the height of the air parcels above ground level (AGL).
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the lower-FT region (Babu et al. 2016). During the
winter season, the relative dominance of absorbing
aerosols is mostly confined within the boundary
layer (as indicated by the lower SSA), their con-
tribution to the total extinction above the bound-
ary layer (higher SSA) does not have significant
implications on the radiative forcing (Babu et al.
2016).
From the measurement of aerosol optical

properties during the same experiment, Nair
et al. (2016) have reported that higher dust
absorption during spring over IGP leads to
+34.0 W m�2 atmospheric absorption as against
the value of +24.9 W m�2 during winter. Due to
the presence of dust and elevated smoke over the

IGP in spring, the region experiences *8 W m�2

more atmospheric warming compared to CI and
*14 W m�2 than WI. On the other hand,
atmospheric forcing during winter and spring are
+14.7 W m�2 and +19.8 W m�2, respectively,
over the western part of India. The observation
in the present study is also consistent with the
inferences drawn by Nair et al. (2016) that
spring-time dust transport over the region com-
pensates the partial decrease in columnar BC
loading. Quantification of radiative implications
due to such distinct aerosol characteristics needs
further detailed studies.

5. Summary and conclusions

The present study examined the vertical dis-
tribution of aerosol concentration and NSD and
its seasonality over distinct locations of the
Indian mainland using campaign-mode in-situ
measurements aboard an instrumented aircraft.
The main findings are as follows:

1. Vertical distribution of aerosols during spring is
homogeneous over most of the Indian regions
due to enhanced thermal convective mixing,
while a shallow-boundary layer and a local
source in winter enhance the total number
concentrations of aerosols near the surface.
Near surface concentrations of aerosols in win-
ter were the highest over LKN in the IGP,
indicating the strong influence of local anthro-
pogenic sources during shallow-boundary layer
conditions in winter.

2. The springtime enhancement of NT at a higher
altitude (above 2 km) was more significant over
the CI and WI locations, mostly contributed by
fine-mode aerosols, as indicated by the lower
values of the CMF. During spring, prevailing
higher temperatures over the CI and WI loca-
tions lead to strong turbulent mixing and
vertical dispersion of aerosols to higher
altitudes.

3. Over the HF location DDN, aerosol concentra-
tions were, however, higher in winter in the
entire altitude range. The higher aerosol con-
centration at DDN during winter is influenced
by the advection from the densely populated
regions. Trajectories ending at DDN during
winter also traversed over the desert and
continental regions of the WI, which con-
tributed to the transport of a large number of
coarse particles, even with sizes[2 lm.

Figure 12. Regional mean values of aerosol absorption coeffi-
cients at 781 nm in the well-mixed layer (ML) and free-
tropospheric (FT) regions of HF, WI, IGP and CI. The values
of absorption aerosol optical depths (AAOD) are also shown in
the bottom panel.

Figure 13. Regional mean values of SSA at 520 nm over the
distinct lower-FT regions (above 2 km) of the HF, WI, IGP
and CI during spring and winter.

J. Earth Syst. Sci. (2019) 128:225 Page 19 of 22 225



4. Over the IGP, coarse-mode aerosols were
found to ventilate strongly to the higher
altitudes during spring, in addition to horizon-
tal advection from the west, enhancing the
total number of particle concentrations (in
comparison with winter) in the lower FT
([2 km).

5. Aerosol NSDs in lower-altitude regions (up to
around 1000 m AGL) showed, in general, higher
concentrations in winter for the entire size range
(0.5–20 lm) over all the measurement locations.
However, at higher altitudes ([2 km), there
were notable changes in the distribution pat-
terns in spring with higher-coarse mode con-
centrations. Thus, in the higher altitude
regions, even though the enhancement in NT

in spring was mainly due to the contributions by
fine mode aerosols, the presence of coarse-mode
particles ([2 lm) is more significant over the
IGP.

6. Examination of the CALIPSO extinction coef-
cients, PDR, VFM and aerosol types, along
with MODIS fire counts over the study regions
indicated the presence of dust and polluted dust
(semi-external mixtures of dust with BC or OC)
at higher altitudes over the IGP, CI and north-
western India. The presence of dust in the IGP
contributes significantly to the higher values of
extinction coefficients.

7. Concurrent and collocated measurements of
aerosol scattering and absorption properties
onboard the aircraft also corroborated to the
enhancement in aerosol absorption coefficients
in the FT regions of IGP along with a decrease
in the values of aerosol single scattering albedo.
This confirms that the elevated layers of coarse
mode aerosols seen during spring over the IGP
are absorbing in nature.
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