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ABSTRACT

Aerosol emissions in South Asia are large. The emitted aerosols can travel significant distances and, during
the Asian southwest monsoon especially, are prone to modification through cloud processing and wet
scavenging while being transported. The scale of emissions and transport means that the global climate
impact of these aerosols are sensitive to modification en route, but the process-level understanding is still
largely lacking. In this study, we analyse long-term aerosol data measured at an observatory established in
Hanimaadhoo, Republic of Maldives, to investigate the long-term properties of aerosols over the Indian
Ocean as well as to understand the effect of precipitation on the aerosol particle size distribution during
long-range transport. The observatory location is ideal because it is a receptor site with little local influence,
and, depending on the season, receives either polluted air masses coming from the Indian subcontinent or
clean marine air masses from the Indian Ocean. We analysed the sub-micron particle number size
distribution measured during the years 2004-2008, and 2014-2017, and this is the first inter-seasonal long-
term study of the sub-micron aerosol features in the region. The aerosol origin and its relative exposure to
wet scavenging during long-range transport were analysed using back-trajectory analysis from HYSPLIT. By
comparing aerosol measurements to precipitation along its transport, this study shows that there is a
substantial change in particle number size distributions and concentrations depending on the amount of
rainfall during transport. During the southwest monsoon season, the aerosol size distribution was notably bi-
modal and total particle concentrations clearly reduced in comparison with the prevailing aerosol size
distribution during the northeast monsoon season. Precipitation during transport usually corresponded with a
greater reduction in accumulation mode concentrations than for smaller sizes, and the shape of the median
size distribution showed a clear dependence on the trajectory origin and route taken.

Keywords: aerosol number size distribution, wet scavenging, Asian aerosol, long-range transport

1. Introduction

Aerosol particles are ubiquitous in the Earth’s atmos-
phere, originating both from natural and anthropogenic
sources. After greenhouse gases, aerosols are thought to
be the second most important human-induced climate
forcing agent and the level of scientific understanding

*Corresponding author. e-mail: jutta.kesti@fmi.fi

with regards to the mechanisms of the aerosol climate
impact is low (Stocker et al., 2013).

Aerosols affect climate directly by scattering and
absorbing solar radiation, and indirectly by acting as a
seed for cloud droplet formation. The quantity and prop-
erties of cloud-activated aerosols further modify cloud
macroscopic properties such as the reflectivity (Haywood
and Boucher, 2000; Lohmann and Feichter, 2005) and
lifetime (Albrecht, 1989; Jiang et al., 2006). On a global
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scale, the net aerosol climate impact leads to surface tem-
perature cooling. However, the local and regional impacts
are highly variable and thus, any quantitative estimate is
subject to very high uncertainties (Stocker et al., 2013).
The climate impact primarily depends on the quantity of
aerosols, while one of the most important properties of
an individual aerosol particle, in addition to single-scat-
tering albedo, is its size (Dusek et al., 2006).

The aerosol emissions and concentration levels in a
global scale are the highest in Asia (Lelieveld et al., 2001;
Van Donkelaar et al., 2010; Zhang and Reid, 2010). The
concentrations are particularly elevated during the north-
east (NE) monsoon when the South Asian aerosol out-
flow is towards the Indian Ocean. The Indian Ocean
Experiment (INDOEX) campaign was one of the first
comprehensive studies of the aerosols in this outflow
(Ramanathan et al., 2001), and was a large-scale scientific
experiment consisting of a pre-phase and a series of coor-
dinated measurement and modelling efforts focusing on
the year of 1999. The main finding of the campaign was
the persistent phenomenon of the Asian ‘brown cloud’
during the NE monsoon where urban-like air pollution
was observed over the ocean (Ramanathan and Crutzen,
2003). During the pre-INDOEX cruise, the total number
concentration of submicron size particles was about an
order of magnitude higher close to the coast than over
the Indian Ocean (Jayaraman et al., 1998). Subsequent
research noted that, during the NE monsoon, South and
Southeast Asian emissions cause significant air quality
degradation over an area of 10 million km? (Lelieveld
et al., 2001) and that the most obvious changes in local
pollution were due to changes in the air mass origin
(Lobert and Harris, 2002).

The Atmospheric Brown Cloud project continued the
study of the aerosols in the Asian region (Ramanathan and
Crutzen, 2003). Corrigan et al. (2006) focused on the tran-
sition between the southwest (SW) and NE monsoon sea-
sons and investigated the changes in aerosol properties
during the transition. A rapid increase in the particle con-
centration was observed when the air mass origin transi-
tioned to the Indian subcontinent during the NE monsoon.

The gradual concentration decrease and the corre-
sponding changes in aerosol composition during its trans-
port over the Indian Ocean have been studied by several
groups since. It has become clear that the quantity of
aerosol is not the only property that is changing (e.g.
Ramachandran, 2004), but also an aerosol brightness
increase caused by photochemical ageing during transport
(Dasari et al., 2019). This has clear implications for the
first direct aerosol climate effect.

The likelihood of aerosol particles to activate into cloud
droplets, providing an estimate of their indirect climate
effect, can be determined from measurements of aerosol

particle size and number. Despite intensive scientific efforts,
very few long-term aerosol monitoring efforts focusing on
these climatically important aerosol properties have been
made in the Indian Ocean region to date. The global circula-
tion and chemical transport models that currently include
aerosols require better estimates of these important proper-
ties to correctly represent the Asian aerosol emissions and to
accurately calculate their climate impacts. Moreover, know-
ledge on aerosol particle number concentrations and particle
number size distributions are needed for the parametrization
of the aerosol transport processes.

An important aerosol removal process during the SW mon-
soon is wet scavenging. However, there are uncertainties in
how efficiently precipitation can scavenge aerosols from the
atmosphere, over which size ranges the removal is the most
efficient, and how it affects the long-range aerosol transport
(Rasch et al., 2000; Textor et al., 2006; Koch et al., 2009; Liu
et al., 2012). Wet scavenging coefficients of 3.0—25.1 dayf1
for rain intensities of 3.12—74.4 mm day_1 were calculated
for SO~ during the winter monsoon season over the Sea of
Japan (Okita et al., 1996). Andronache (2004) calculated wet
scavenging coefficient values ranging between 48—192 day !
for SO4, and observed that the wet scavenging coefficient had
a significant correlation with the rainfall rate. Wet scavenging
ratios were also calculated for different aerosol components,
with Ca®" having the highest observed scavenging ratio and
that the removal of Ca®" and SO~ was more efficient with
rain intensities around 72 mm day~' (Kulshrestha et al.,
2009). The effect of precipitation on aerosol particle size distri-
bution was studied in the Arctic and it was found that precipi-
tation largely controls the aerosol dynamics (Tunved et al.,
2013). In this study, our aim is to investigate the effect of pre-
cipitation on aerosol size distributions using a similar
approach to that of Tunved et al. (2013) but applied here for
the first time to the tropical Indian Ocean.

The main objective of this study is to provide long-
term statistics of the properties of the aerosol number
size distributions measured over the Indian Ocean by
combining historical campaign data with recent measure-
ments. A description of the location and the measurement
setup are presented in Section 2. In Section 3, all meas-
urements are analysed in the context of the meteoro-
logical seasons characteristic for South Asia. The values
reported in this study can be considered representative of
the surrounding Indian Ocean. This is the first multi-year
study of aerosol size distribution data in this region.

2. Instrumentation and methods
2.1. Site description

The measurements presented in this study were obtained
from the Maldives Climate Observatory at Hanimaadhoo
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(MCOH, 6'78' N, 73’18 E) situated in the Indian Ocean
approximately 500 km to the south-west from the south-
ernmost tip of India (see Fig. 1). The MCOH observatory
is located in the northern part of the Maldives on
island, which is of the
Thiladhummathi Atoll. The terrain at the measurement
site is flat, with the highest point of the island being only

Hanimaadhoo a member

two metres above mean sea level. The observatory is sur-
rounded by forest, which consists mostly of palm trees. A
detailed site description can be found in previous publica-
tions (e.g. Corrigan et al. 2006; Ramanathan et al. 2007).
The observatory is a well-recognised receptor site for the
South-Asian outflow and has been utilised in various pre-
vious studies to understand the aerosol ageing processes
during long-range transport (Dasari et al., 2019).

The climate in the Maldives presents two very distinct
seasons: NE and SW monsoons. During mid-May to
November, the Maldives experiences the SW monsoon,
which brings marine air consisting of natural aerosols
from the Indian Ocean. During the NE monsoon season,
air masses coming to the Maldives originate from the
Indian subcontinent, which is highly polluted by various
The full set of seasons that the
Maldives experience are determined from the information
provided by the Maldives Meteorological Service: NE
monsoon season from January to March, pre-monsoon
from April to mid-May, SW monsoon from mid-May to
November, and post-monsoon during December.

On shorter timescales, the weather variability at the
Maldives is affected by the Madden-Julian Oscillation
(MJO), which is an eastward moving low-pressure anom-
aly at the equator associated with a warming of the
troposphere, increased tropopause height and increased
convection leading to enhanced precipitation (Madden
and Julian, 1971; Holton and Hakim, 2012). One cycle of

human activities.
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Location of the Maldives Climate Observatory of Hanimaadhoo (MCOH) in the Indian Ocean.

the oscillation lasts 30-60days, and it is usually first
observed over the Indian Ocean. The timing of the mon-
soon transitions is often associated with the phase of the
MIJO (Taraphdar et al., 2018).

2.2. Measurements and instrumentation

We analysed surface-based aerosol and meteorological
data from two different time periods. The first measure-
ment period (Period 1) consisted of intensive campaigns
that took place between the years 2004 and 2008 together
with longer term measurements. These measurements
were performed as a continuation of the Indian Ocean
Experiment (INDOEX, Ramanathan et al., 2001).

The second measurement period (Period 2) provides
more continuous measurements and, here, we analysed
data starting from 18 November 2014, when the instru-
mentation for aerosol size distribution measurements was
installed, until 20 November 2017. Period 2 also includes
an intensive campaign: the South Asian Pollution
Experiment 2016 (SAPOEX-16, Dasari et al., 2019).

Data from both measurement periods were partitioned
into the four pre-determined seasons. However, data
from December 2004 was included in the NE monsoon
season in Period 1 because the physical aerosol properties
during this month exhibited the characteristics of the NE
monsoon season. This also provided more NE monsoon
season data for Period 1 to compare with Period 2.

2.2.1. Aerosol size distribution. During Period 1, fine
aerosol particle number size distributions were measured
with a Scanning Mobility Particle Sizer (SMPS; TSI Inc.,
model 3936), which measured particle number size distri-
butions between 10 and 500 nm in 108 size bins with a 5-
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Measurement periods at MCOH for which (a) SMPS data was available and (b) DMPS data was available.

Fig. 2.

minute time resolution. The details of this instrument and
its operation are given by Corrigan et al. (2006).

During Period 2, a Differential Mobility Particle Sizer
(DMPS) measured particle number size distributions in
the size range 7-800nm in 35 size bins with a 10-minute
time resolution. The DMPS comprised a 28.5cm long
HAUKE-type Differential Mobility Analyzer (DMA),
with a Condensation Particle Counter (CPC; TSI Inc.,
model 3010) until 23 February 2017 and a model 3772
CPC (TSI Inc.) from there onward. The sample flow rate
was 1 / min~! and the sheath flow rate was 5.3 / min~".
The measurement setup is described in Budhavant et al.
(2018). During the both measurement periods the inlet
height was 15 metres above ground level, and the aero-
dynamic cut-off was PM.

The SMPS data was post-processed as described previ-
ously (Corrigan et al., 2006). The DMPS data was
inverted using a pseudo-inversion method; see
Wiedensohler et al. (2012) for details on the inversion
method, the instrument specific functions and the para-
metrizations used in the method. After the inversion, the
DMPS data was cleaned manually based on visual inspec-
tion of daily data plots. Very high and short concentra-
tion peaks were removed from the data to avoid
including contamination from local sources in the ana-
lysis; this amounted to a very minor fraction of data as,
in general, there is little human activity around the meas-
urement location (Ramana and Ramanathan, 2006). The
target was to keep the DMPS sample flow relative
humidity under 40%, but in the humid tropical conditions
this limit was difficult to maintain full time. The aerosol
sample was dried using a silica gel dryer and the gel was

2007 2008

2017

changed by the station manager once the RH exceeded
40%. However, occasionally this required daily replace-
ment of the dryer gel. Hence, we also included data where
the sample relative humidity was between 40 and 50%
after comparing the median size distributions measured in
various RH regimes and concluding that no discernible
difference with RH up to 50% could be observed. During
Period 1, the total number concentration was additionally
measured with a CPC (TSI Inc., model 3022a) that was
used for cross-check. A maximum of 20% deviation in
total number concentration between the CPC and the
SMPS integrated number concentration was permitted, or
otherwise the SMPS data were discarded from the further
analysis. Figure 2 shows the data coverage of post-proc-
essed SMPS and DMPS data for Periods 1 and 2,
respectively. Note that the SMPS measurement cam-
paigns cover different seasons and that the multi-year
DMPS data coverage from April to September is better
than from October to March.

2.2.2. Meteorological parameters. For Period 1, meteoro-
logical parameters, such as wind speed and direction, tem-
perature, pressure and relative humidity, were measured with
a R. M. Young weather station that provided data at an
hourly time resolution. During years 2014-2015, the meteoro-
logical data were obtained from the Hanimaadhoo Airport
meteorological station, which is an official meteorological
measurement station fulfilling the WMO standards (World
Meteorological Organization, 1992). This data was available
only at a daily time resolution. Since November 2015, the
meteorological parameters have been measured at the MCOH
site with a Vaisala Weather Transmitter (WXT520) and
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Fig. 3. Histogram figures of fine particle size distributions during (a) Period 1 measured with the SMPS, and (b) Period 2 measured with
the DMPS. On the x-axis is the particle diameter (nm) and on the y-axis is the concentration dN/dlog(d,) (cm~3). Colours indicate the
frequency of measured particle size distributions. The purple dots indicate the maximum peaks in frequency for each size bins. For
values lower than 1259 on the y-axis the minimum for peak height is 3.5 and for values higher than 1259 the minimum peak height is

3.0. The figures comprise all data we have during the respective measurement periods.

recorded with a 3-minute time resolution. There was also daily
precipitation data available until November 2015 from the
Maldives Meteorological Service, and after that with a 3-
minute time resolution measured with the WXT520.

2.3. Air mass back trajectories

To estimate the air mass origin, we calculated 14-day air
mass back trajectories using the NOAA HYSPLIT
(Hybrid Single-Particle Lagrangian Integrated Trajectory,

Draxler and Hess, 1997, 1998, Draxler et al., 1999, Stein
et al., 2015) back-trajectory model version 4.9. The start-
ing height of the trajectories was 250 metres, and they
were calculated with an hourly resolution. The meteoro-
logical fields for the model runs were obtained from the
global GDAS 1° (Global Data Assimilation System)
dataset from the National Center for Atmospheric
Research (Kanamitsu, 1989). The HYSPLIT model out-
put also includes precipitation values, taken from the
GDAS data, for each point in the back-trajectory and
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Fig. 4. Wind roses for different seasons at the Maldives: (a) NE monsoon season in Period 1, (b) NE monsoon season in Period 2, (c)
SW monsoon season in Period 1, and (d) SW monsoon season in Period 2. The colours indicate wind speed (m s~!) and the percentages
the prevalence in wind directions per season. The meteorological data used in the figures corresponds with the aerosol particle data

availability and averaged daily.

this data was used to estimate the accumulated rainfall
during the last four days before the air mass arrived over
the MCOH site. Four-day accumulated rainfall was
selected as representative, considering the expected par-
ticle lifetime in the lower troposphere being typically less
than a week (Raes et al., 2000).

3. Results and discussion

The aerosol size distribution frequency histograms for the
Periods 1 and 2 show a tendency for certain size distribu-
tion shapes (Fig. 3). A typical aerosol size distribution at

MCOH exhibits a bimodal form. The persistent size dis-
tribution shapes indicate particular frequent conditions.
Our further aim is to reveal the boundaries of these con-
ditions and to examine which atmospheric processes dom-
inate in the wide range of aerosol size distributions
observed in the Maldives.

3.1. Aerosol size distribution characteristics during
the NE and SW monsoon seasons

The Maldives experiences two major climatological sea-
sons: a NE monsoon and a SW monsoon. The change in
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Fig. 5. Box-and-whisker plots of hourly-averaged particle size distributions during (a) Period 1 and (b) Period 2. X-axis is the particle
diameter and y-axis the particle concentration dN/dlog(d,) (cm™3). Blue color indicates the NE monsoon season, and red SW monsoon
season. Panel (a) depicts SMPS measurements for which the data has been interpolated to similar bin sizes as for the DMPS data in
panel (b). The central line in the boxes indicate the median, and the bottom and top lines of the boxes indicate the 25" and 75
percentiles. The whiskers mark the most extreme data points that are not considered as outliers.

7 9 16 21

the prevailing meteorological conditions between the sea-
sons is also reflected in the aerosol characteristics
(Corrigan et al., 2006). Our results confirm the typically
observed wind pattern where northeasterly winds prevail
during the NE monsoon season, and shift to dominant
westerly winds during the SW monsoon (Fig. 4). In add-
ition, the surface wind speeds are higher during the SW
monsoon than the NE monsoon season, being 8% more
likely to exceed 5 m s~'. The location of the site near the
equator and surrounded by the ocean is a plausible

explanation for the observed weak inter-annual

temperature variation. The median temperature and rela-
tive humidity were 28 1.5 ° C and 76 £ 6.8% in Period 1,
and 28+1.5 ° C and 75+ 7% in Period 2, respectively.
The uncertainties indicate the interquartile ranges.

The aerosols measured in the Maldives during the SW
monsoon season show the typical characteristics of mar-
ine aerosols (Fitzgerald, 1991). They show a bimodal size
distribution with a distinguishable Hoppel minimum
observed around 100 nm in diameter, separating the cloud
activated particles (Hoppel et al., 1990). The bimodal dis-
tribution shape is most pronounced during the SW
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monsoon season when the particle number concentration
is low (Fig. 5). In Period 1, the Hoppel minimum is
observed between 110 and 150nm and in Period 2
between 70 and 150 nm (SW monsoon and NE monsoon
season, respectively). The change in activation diameter
between the seasons suggests that the aerosol chemical
composition changes, making the aerosol more CCN-
active during the SW monsoon. This further suggests that
natural aerosols are more favourable cloud nuclei than
the Asian-originated long-range transported anthropo-
genic particles.

A typical size distribution observed during the NE
monsoon season shows a pronounced accumulation mode
(>100nm particles) presumably consisting of aged long-
range transported particles. This mode is much less pro-
nounced and is shifted towards smaller sizes during the
SW monsoon. In addition, a fresh nucleation mode
(<50 nm particles) is apparent during the SW monsoon in
Period 2. This suggests an additional secondary aero-
sol source.

We observed nucleation mode particles mainly in con-
nection with local pollution events shortly before or after,
suggesting that the source of the nucleating and condensing
vapours were anthropogenic. Local pollution events were
observed in the data as very short and rapid increases in
the aerosol particle concentration. A typical example of an
pollution event is when the total number concentration
increases from 900 cm—3 to 5000 cm—3, lasts for 2 hours,
and then returns back to around 900 cm—3. Likely local
anthropogenic sources include burning of rubbish, and the
vehicular emissions from cars, ships or aircraft. All such
events were removed from the time series. However, local
pollution events were uncommon and clear evidence of
clean marine boundary layer nucleation locally was not
found. Overall, new particle formation events were very
rare at MCOH, despite the available marine and land bio-
mass organic precursors.

Aerosol number concentration during the NE monsoon
season was clearly higher than during the SW monsoon
(see Table 1). Overall, higher particle number concentra-
tions were observed in Period 2 than in Period 1, with
median concentrations during the NE monsoon season in
Period 2 being 66% higher, and for SW monsoon season
34% higher. There were 27 days where total number con-
centrations exceeded 1500 cm™3 during the NE monsoon
in Period 1, and 29 days exceeding 2000 cm™3 in Period
2, respectively. During the SW monsoon season the corre-
sponding values were 7days exceeding 600 cm™ in
Period 1 and 31days exceeding 800 cm™> in Period 2.
The increasing trend in total number concentration could
be indicative of the long-term trends in South-Asian aero-
sol sources and transport, such as seen for example in Lu
et al. (2011). However, only a few previous long-term

Table 1. Particle total number concentrations measured during
NE and SW monsoon in Period 1 and 2.

Mean total Median total
number number
concentration concentration
Season (cm™3) (cm™?)
NE monsoon, Period 1 1080 £ 770 970
NE monsoon, Period 2 1600 = 580 1610
SW monsoon, Period 1 260 =450 290
SW monsoon, Period 2 470 £ 540 390

aerosol studies made in South-East Asia have focused on
the aerosol number, but rather on aerosol mass and with
contradicting results. In addition, particle mass and num-
ber concentrations are typically not correlated; while the
majority of number originates from the secondary sour-
ces, the mass relates to rather local and regional primary
sources. Temporal changes in aerosol source regions will
be studied in the next section.

The shape of the size distribution manifests some
changes between Periods 1 and 2 (Fig. 5). The nucleation
mode, particles <50 nm, is more frequently observed dur-
ing Period 2. This could indicate that secondary aerosol
sources have gained more regional importance within the
past 10years. We are however cautious to make this con-
clusion, understanding that the nucleation mode size
range is subject to increased diffusional losses and higher
measurement uncertainties (e.g. Wiedensohler et al.
(2012)). Finally, the uncertainties arising from the rela-
tively short measurement periods (especially during
Period 1) and the changes made in the instrumental set-
up have also to be considered as possible explanations
for the observed differences.

3.2. Aerosol characteristics of different
source regions

Air mass back trajectories were calculated to identify the
sources of aerosol particles measured at MCOH (Fig. 6).
Figure 6a and c, show that, during the NE monsoon sea-
son, the aerosol was mainly transported from the Indian
subcontinent, over the Bay of Bengal and the Arabian
Sea. These source regions identified by
Budhavant et al. (2018).

Figure 6b and d show the frequency map of the back
trajectories calculated for the SW monsoon season, show-
ing the Indian Ocean as the main source region.
Occasional air masses originating from the Indian sub-
continent were also observed, especially during Period 2.
These trajectories may be responsible for the higher par-
ticle number concentrations measured during the SW
monsoon in Period 2.

were also
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Fig. 6. Frequency map of the HYSPLIT back trajectories calculated for (a) 2004-2008 NE monsoon season, (b) 2004-2008 SW
monsoon season, (¢) 2014-2017 NE monsoon season, and (d) 2014-2017 SW monsoon season. The back-trajectories are calculated for
every hour when there exists particle number size distribution data and each back-trajectory extends 14 days back in time.

To investigate this we further separated the SW mon-
soon season air masses into subgroups of (1) purely mar-
ine and (2) those having a continental influence. Marine
air masses were defined as those passing through a box
between latitudes 0-10" N and longitudes 50-70° E within
the past seven days before arriving at the station (Fig.
S1). In Period 2 an additional condition was applied to
eliminate continental air masses passing through a box
defined by latitudes 15-30" N and longitudes 65-80" E.
Applying these criteria eliminated 346 out of 2225 trajec-
tories in Period 1 and 628 out of 6232 trajectories in
Period 2. This left 84% of the back-trajectories in Period
1 and 90% in Period 2 classified as purely marine.

The median particle number size distributions for the
purely marine air masses during the SW monsoon are
shown in Fig. 7b. During both periods the size distribu-
tion has a bimodal shape. In Period 1, the peaks in the
size distribution are around 65nm and 200 nm, whereas
for Period 2 the peaks in the size distribution shift

towards smaller sizes, around 50nm and 160nm. The
mean total number concentration was 268%114 cm™?
(median 250 cm™3) for the marine air masses during
Period 1. In Period 2, the mean total number concentra-
tion was 379 £256 cm~3 (median 332 cm ™).

For the NE monsoon season we separated the air
masses into two transport routes: the eastern and west-
ern coastlines of the Indian subcontinent. A box
between latitudes 15-20° N and longitudes 68-78" E
(western side) and a box between latitudes 15-20° N
and longitudes 78-87" E (eastern side) were set to define
the air mass trajectories (Fig. S1). We discarded trajec-
tories that did not pass through either box. With this
partitioning 411 trajectories were eliminated from a total
of 1355 trajectories in Period 1, and 558 were discarded
from a total of 1358 trajectories in Period 2. This left
69% of the back-trajectories in Period 1 (19% from east
and 50% from west) and 59% in Period 2 (9% from east
and 50% from west).
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Fig. 8 Rainfall accumulation histograms for air masses
travelling down either the eastern or western side of the Indian
subcontinent during the NE monsoon season. The number of
counts for the first rainfall accumulation bin of the histogram is
divided by 30 for better comparison with the other values.

Figure 7a shows the median particle number size distri-
butions during the NE monsoon season for eastern and
western air masses, separately. The size distribution shape
and the modal concentrations are rather similar in east-
erly air masses between Periods 1 and 2, clearly bimodal,
and both having modal peak diameters at around 100 nm
and 300nm. The mean total number concentration was
1666+819 cm™> (median 1745 cm™3) in Period 1 and
19154470 cm™3 (median 1849 cm™3) in Period 2 (an

increase in median total number concentration of 6%
compared to Period 1).

During the NE monsoon, the majority of the air masses
follow the western coast of the Indian subcontinent. A sig-
nificant difference in particle number was observed in west-
erly air masses between Periods 1 and 2. The mean total
number concentration was 879+422 cm~? (median 772
cm3) in Period 1 and 1615%£527 cm™3 (median 1562
cm—?) in Period 2 (an increase in median total number con-
centration of 102%). Again, both size distributions showed
a bimodal shape, with the first mode around 100 nm and
the second mode around 200 nm. There were more intense
rainfall events during Period 1 than during Period 2, which
may partly explain the observed increase but this is difficult
to attribute reliably.

The results indicate a general increase in the aerosol par-
ticle number concentration from Period 1 to Period 2, espe-
cially in air masses originating from the western coast of
the Indian subcontinent and from over the Indian Ocean.
Given the limited measurement time it is not immediately
clear whether these changes are explained by the changes in
emissions or rather the environmental factors.

To investigate whether emissions have increased between
the two measurement periods, we extracted observations
with accumulated rainfall amounts along the backtrajecto-
ries of 5mm or less. For example, for transport down the
western coast of India during the NE monsoon, the mean
total number concentration increased from 882 cm™ in
Period 1 to 1603 cm™ in Period 2, suggesting a major
increase in emissions of aerosol particles or their precur-
sors. The increase seen for transport down the eastern
coastline was much less (1814 cm~3 in Period 1 and
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Fig. 9. Impact of accumulated rainfall on measured particle size distribution and total number concentration time series during the SW
monsoon season in (a) Period 1, and (b) Period 2. In the upper figure on the x-axis is the accumulated rainfall (mm) during four days
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(cm™3) is in colour. In the lower figure on the x-axis is time mm yy~' and on the y-axis is the total number concentration (cm~3). All
data are in hourly resolution, and the particle size distribution data are averaged to 1 mm rain bins.

1950 cm™ in Period 2). Oceanic emissions have also
increased slightly (325 cm™ in Period 1 and 363 cm™ in
Period 2 during SW monsoon). These changes are broadly
in line with trends seen in long-term satellite observations
of Aerosol Optical Depth (AOD) over South East Asia and
the Indian ocean basin (Srivastava, 2017). Finally, we con-
sider the possible impact of the changes in wet scavenging
intensity during the NE monsoon season on the total num-
ber concentration. The histograms in Fig. 8 show that, dur-
ing the NE monsoon season, accumulations of up to
30 mm were encountered during the 4-days prior to arrival.
The particle number concentration clearly decreases with
increasing precipitation due to the wet scavenging process
(see Supplement Fig. S2), but our observations suggest that
modification of the particle size distribution shape by pre-
cipitation is much less pronounced, at least for the NE
monsoon (see Supplement Fig. S3). In general, there are
more precipitation events in Period 1 NE monsoon season
than in Period 2 NE monsoon season. Air masses from the
western side of the Indian subcontinent occasionally expe-
rienced accumulated rainfall amounts of up to 100 mm.

3.3. Particle wet scavenging during the SW monsoon

The main seasonal shift in particle number concentration
is for the large part explained by the changes in air mass
source regions; meanwhile the modal features are very
prone to aerosol processing during transport. Of particu-
lar interest during the SW monsoon are wet deposition
and cloud processing. Rain events during the NE

monsoon season are very sporadic and so the main focus
here will be on the analysis of the SW monsoon sea-
son data.

In Hanimaadhoo, the local daily accumulated rainfall
during the NE monsoon season ranges from 0 to 58 mm
and during the SW monsoon from 0 to 147 mm (values
based on daily rainfall observations in Hanimaadhoo
between 2005 and 2015). The mean daily rainfall amount
at this location is low (1.8 mm for the NE monsoon sea-
son, 6.2mm for the SW monsoon season). We estimated
the amount of precipitation during transport to the meas-
urement site using meteorological output data from the
HYSPLIT model. As a representative proxy for the pre-
cipitation intensity, we used the preceding four days data
before the air mass arrived to the measurement site, and
compared it with the in-situ measured aerosol particle
number size distribution. The analysis method is similar
to that used by Tunved et al. (2013). The maximum total
accumulated rainfall amount during the four days of
transit in our study was 150 mm. This can be compared
with the 50mm accumulated rainfall calculated by
Tunved et al. (2013) using 10-day back-trajectories prior
to the air mass arrival at their Arctic measurement site.
The precipitation accumulations experienced in the Asian
SW monsoon and used in this study were thus three times
higher than in the previous similar study from the Arctic.

The accumulated rainfall was divided into 1 mm bins
between 0 and 100 mm, and the measured particle size
distributions were averaged according to these bins. The
evolution of particle size distribution as a function of
the accumulated rainfall shows a persistent change in the
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number size distribution (Fig. 9). The total particle num-
ber concentration decreases when the air mass experiences
more precipitation in the preceding 4-days period. This
concentration decrease is mainly due to the decreasing
number of accumulation mode particles (Fig. 10). Similar
decrease is observed in both Periods: the accumulation
mode number concentration decreases below 50% when
the rainfall accumulation exceeds 60 mm. The nucleation
mode number concentration remains rather constant but
the size shifts towards smaller diameters. This could indi-
cate an absence of the strong accumulation mode conden-
sation sink for the gaseous precursor gases, which
therefore causes activation of the secondary particle for-
mation processes.

4. Conclusions

We combined aerosol particle number size distribution
measurements conducted at the Maldives Climate
Observatory at Hanimaadhoo (MCOH) from two differ-
ent time periods: 2004-2008 (Period 1) and 2014-2017
(Period 2) to permit the first multiyear study of the aero-
sol size distribution seasonal characteristics in the South-
Asian outflow and SW monsoon.

The main origin of aerosol during the NE monsoon
season is the Indian subcontinent, and over half of the
air masses arriving at MCOH had trajectories following
the western coastline of India over the Arabian Sea. The
other transport route was via the eastern coastline over
the Bay of Bengal. The measured long-range transported
aerosol size distributions at MCOH did not show signifi-
cant differences between these two origins and transport

routes except in terms of number concentration, with
decreases in number concentration attributed to increases
in accumulated precipitation.

During the SW monsoon season, the Indian Ocean is the
origin of aerosols observed at MCOH. Aerosol total num-
ber concentrations were about a quarter of that measured
during the NE monsoon season. Precipitation efficiently
removed accumulation mode aerosols, while the nucleation
mode concentration remained similar or even slightly
increased, with increasing rainfall accumulation.

Overall, the aerosols observed at MCOH showed a
bimodal size distribution which is typical for marine sub-
micrometre aerosols. During NE monsoon seasons, the
season with more anthropogenic aerosols, a decrease in
number concentrations around 100 nm in diameter, the so
called Hoppel minimum, was observed. This could be
explained by both presumably different chemical compos-
ition and an excess in cloud nuclei number.

There was a gap of about 10years between the two
measurement periods available. Our results showed an
increase in particle number during this gap, for both NE
and SW monsoon seasons. This increase could be partly
explained by environmental factors, such as the differen-
ces in air flow patterns and precipitation, but is also con-
sistent with a real in aerosol number,
suggested by satellite observations of AOD over the
Indian subcontinent. This could be due to increasing pri-
mary or precursor emissions, or decrease in aerosol sinks.
The main challenge that we face in determining which
factors are responsible is the lack of previous aerosol
number and size studies from both this region and the

increase as

source regions.
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We would like to encourage future studies on South
Asian aerosol number and size distributions as well as
call for better interaction with the global modelling com-
munities in order to account for the Asian aerosol trans-
port processing in large scale models.
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