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Abstract. Aerosol physical and optical properties were mea-scavenging. The aerosol columnar properties, which were
sured at two locations in northern India. The first measure-measured in Gual Pahari, showed a somewhat different sea-
ment station was a background site in Mukteshwar, abousonal behaviour compared to the surface measurements, with
350 km northeast of New Delhi, in the foothills of the Indian the aerosol optical depth increasing to an annual maximum
Himalayas, with data from 2006 to 2009. The second meain the early monsoon season.

surement site was located in Gual Pahari, about 25 km south
of New Delhi, with data from 2008 to 2009. At both stations,
the average aerosol concentrations during the monsoon Werg |ntroduction

decreased by 40—-75 % compared to the pre-monsoon average

concentrations. The decrease varied with the total local rainThe importance of the Asian Summer Monsoon is well
fall. In Mukteshwar, the monsoon season removed particleknown. In addition to being a water supply and providing
from all size classes, due to a combination of rain scavenginggricultural irrigation, the monsoon brings a relief to the se-
and activation to cloud and mountain fog droplets. The scavvere pollution build up during the winter and spring in the
enging by rain is least effective for the size range of the ac-area.

cumulation mode particles. In Gual Pahari, this was the only In recent years it has become evident that aerosols may in-
major wet removal mechanism and, as a result, the accumutuence the precipitation patterns of the Summer Monsoon.
lation mode particles were less effectively removed. AerosolThis may be especially important in Southern Asia, since the
concentrations during the early monsoon were found to bearea suffers from an intense and persistent particulate pollu-
affected by mineral dust which in Gual Pahari was observedion called the “brown cloud” (e.g., Lelieveld et al., 2001;

as an increased particle volume at a diameter around 3—4 unNakajima et al., 2007; Ramanathan et al., 2007). The influ-
The single scattering albedo varied from 0.73 to 0.93 dur-ence of the brown cloud on monsoon patterns has been inves-
ing the monsoon season, being slightly lower in Gual Pahartigated in numerous studies. Probably the most famous work
than in Mukteshwar. This is due to the fact that Gual Pa-on this is the so-called “Elevated Heat Pump” hypothesis
hari resided closer to high anthropogenic black carbon emis(EHP) (Lau et al., 2006). According to the EHP hypothesis,
sions. As the absorbing particles are typically in the accu-absorbing aerosols accumulate against the southern slopes of
mulation mode, they were not effectively removed by rain the Himalayas in the pre-monsoon season, thus, modulating
the tropospheric temperature gradient. The reinforced merid-
ional temperature gradient would lead to an early onset of

Correspondence toA.-P. Hyvarinen monsoon and intensified rainfall during June and July. Sev-
BY (antti.hyvarinen@fmi.fi) eral studies have later attempted to find further evidence to
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support or criticize this hypothesis (e.g., Lau and Kim, 2006; 77°300°E 77°450°E 8C°00°E
D. Liuetal., 2008; Z. Liu et al., 2008; Meehl etal., 2008; Ra- [~ s = ~_

N o) N s
b Y \

manathan and Carmichael, 2008; Randles and Ramaswamy| G s rnscesn s TN
2008; Bollasina et al., 2008; Collier and Zhang, 2009; Gau- Né”{\
tam et al., 2009a, b; Kuhimann and Quaas, 2010; Nigam | \'“w-f"\
and Bollasina, 2010; Lau and Kim, 2010). The EHP hy- ‘j A/
pothesis is certainly not the only aerosol mechanism affect-" 7 ¢ - 3000N
ing the summer monsoon precipitation. A general challenge Y (\.«»\ )
in all these studies is that the aerosol effects are not sim- 3 s
ply confined to direct or indirect effects alone, but they can / o
be coupled through feedback processes (Huang et al., 2007; ) _
and also semi-direct effects may become important in certain | 4 i ™ | NV
conditions (Nigam and Bollasina, 2010). The net effect of <~> i
all these mechanisms is not known, and due to both spatial Gﬁ%
and temporal variability of aerosols, the error sources in these Z
simulations are large. Therefore, observational evidence is of |~ o
great importance to elucidate the effects of aerosols on mon- 4
soon. These reasons provide a comprehensive motivation te LY
study the aerosol-monsoon interactions in the area. A8

In this paper, we focus on the investigation of the aerosol ‘fﬁ;y
physical and optical properties and their development dur- g«f/'““”?‘“f e
ing the Summer Monsoon seasons at two stations in India; J,,/"\
Gual Pahari in the Indo-Gangetic plains and Mukteshwar in ~ g ,
the Himalayan foothills. The companion paper (fymen | =] — i 21soN
et al., 2011) focused on particulate matter and black carbon
concentrations. We quantify the effect that the monsoon ha&ig- 1. Map of the measurements stations.
on the aerosol concentrations and properties, and compare
the differences between different years at the two locations, :
The data presented here will be useful for modelling studied /" Wavelength Aethalometer) and meteorological parame-

of aerosol-monsoon interactions and provides information oiIerS' The measurements and instruments at the site are pre-
the aerosol properties during the monsoon. sented in more detail by Hgvinen et al. (2009) and Komp-
pula et al. (2009). All instruments sampled from a single

sampling line (except the particle mass monitors which each
had their own inlets), with a P& inlet located at about 5m
above ground level and about 2 m above the roof of the sta-

The first measurement station was a background site in Muklon b!*"‘?"”g- . . . .
teshwar (2926 N, 7937 E, Fig. 1), about 350 km northeast A similar samplmg p_rocedure was utilized in Gual Pahari.
of New Delhi in India. The site was located at 2180 m aboveTWO sepa.rate inlets with PM and PM cut-off were used'
sea level in a rural region at the Himalaya Mountains. Thefor sampling of the respective aerosol mass concentrations

second measurement site was located in Gual Pahari (28.4:_§on-line scattering/beta-attenuation hybrid analyzers). The
North, 77.15 East, 243 ma.s.l., Fig. 1), Gurgaon, about measurements which were conducted from the main inlet

dwith a PMyg cut-off were: particle number size distribution
ver the diameter range 4 nm—10 um (twin-DMPS and APS),

Lk/\N/

UTTRANCHAL

- 27°30'0"N

2 Measurement sites and methods

25km south of New Delhi. The surroundings represente

a semi-urban environment. Both sites have been described i lack carb tration/ab i fficient (MAAP at
detail before, see Hyarinen et al. (2009) and Hgvinen et ack carbon concentration/absorption coefficient ( a

al. (2010). The presented resuilts cover the years from 200 37 nm) and aerosol scattering coefficient (Nephelometer at

to 2009 for Mukteshwar and from 2008 to 2009 for Gual Pa- 20 nmy. Mgteorological parameters were _als.o_ measured.
hari. A more detailed presentation can be found in Eliyren et

al. (2010). In addition to the in situ measurements, a Ra-
man Lidar was operational during 2008 (see Komppula et
al., 2010) and a Cimel sunphotometer during 2009. Cimel

The parameters measured at Mukteshwar included the partfiéasurements were made as a part of the Aerosol Robotic
cle number size distribution from 10 nm to 800 nm (DMPS), Network, AERONET (e.g., Holben et al., 1998).

PM,s and PMg concentrations (on-line beta-attenuation

analyzers), aerosol scattering coefficient (Nephelometer at

525nm), black carbon concentration/absorption coefficient

2.1 Instruments
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2.2 Data processing 450

 Mukteshwar
400

The measured data was saved as five minute averages. TF
five minute data was checked with outliers and obvious in-
strument malfunctions periods removed. The data was ther£ ”
averaged to one hour with the condition that each hour had§250
more than 25min of data. All longer time averages were £:xo
calculated from the hourly data, which was also converted & s
to STP-conditions. One month averages were only calcu-

1

350

0

W Gual Pahari
lated if the data covered more than 30 % of the time. For
seasonal analyses, the year was divided into four seasons | . || L.
winter (December—February), pre-monsoon (March-onset of g0 .0 01012007 01012008 01012009 01012010
monsoon), mMonsoon season and post-monsoon (withdrawa. Pate
of monsoon-November). When seasonal averages were cal- . , , .
culated, the determined onset and withdrawal dates defined'd: 2. I\/lonthl_y rain accumulation during the running of the mea-
the monsoon season for each year separately. Again a 30 %' rement stations.
data coverage level was demanded, with an exception to the
Gual Pahari DMPS size distribution data, which we wantedmore intensive in Mukteshwar than in Gual Pahari, probably
to present despite the low data coverage. The 1h data cowdue to the mountain location, as air masses flowing uphill
erage for the low size range (4-58 nm) and high size rangerre more likely to form clouds and rain. Year 2008 exhib-
(31-850 nm) of the twin-DMPS was 24 % and 33 %, respec-ited the most rainfall, and an early monsoon onset date of
tively. 16 June, which is one of the earliest onset dates recorded in
We calculated the ratio of Aitken-mode particles (25— the area with rainfall data available since 1901 (Tyagi et al.,
75nm) to accumulation mode (75-800nm) particles,2009). The weakest monsoon occurred in 2006. A thorough
Nait/ Nace Most of the aerosol particles emitted by various trajectory analysis of incoming air masses was reported by
combustion processes are in the size range of 15-100 nrRaatikainen et al. (2011). In summary, during the monsoon
(Chang et al., 2004). The rati®Vajt/ Nacc tends to de-  season both sites have air masses from both Bay of Bengal
crease with increasing distance from major source areas ofSE) and Arabian Sea (SW) directions. At other times, west-
combustion-derived aerosols, as they grow by condensatioerly air masses dominate.
and cloud processing toward the accumulation mode. New The aerosol concentrations and the subsequent optical co-
particle formation increased,it/ Nacc ratio because of the efficients in the pre-monsoon season were highest in 2008
growth of nucleation mode particles into the Aitken mode. and 2009 (Table 1), with an exception to absorption coeffi-
The optical coefficients are presented for the wavelengthcient which was highest in 2007. Lowest pre-monsoon con-
of about 520 nm. From Mukteshwar, the absorption was ob-centrations occurred in 2006. The average aerosol concen-
tained directly from the Aethalometer channel 520 nm. How-trations and optical coefficients during monsoon were de-
ever, at Gual Pahari, the MAAP measured the absorptiorcreased by about 40-75 % compared to the pre-monsoon av-
at 637 nm (Miller et al., 2011). We converted this absorp- erage concentrations at both stations (Fig. 3), having a lin-
tion coefficient to match 520 nm by assuming a wavelengthear relationship with the total rainfall of the yearly monsoon
dependence of absorptiomagps= A% (Bergstrom, 1973; season. The most effective decrease of the aerosol concen-
Bohren and Hufman, 1983), with=1.2 as measured at the trations were observed during 2008 in Mukteshwar. Dur-
Mukteshwar station (Hy&rinen et al., 2009). This value rep- ing 2008, the rain amounts were the highest of the study
resents a mixture of absorbing materials with mostly blackperiod. The relative decrease seems nearly independent of
carbon (which has = 1.0, Bergstrom et al., 2007), and some the measurement location and can be estimated from the rain
organic carbon and/or mineral dust. We tested the sensitivaccumulation alone by an accuracy610%. During the
ity of « to the SSA by testing values between 1 and 2. Thepost-monsoon season, concentrations rose again. In Gual
effect on SSA was less than 5 %. Pahari, the post monsoon averages were higher than the pre-
monsoon averages. In Mukteshwar, however, the post mon-
soon averages were lower than the pre-monsoon averages.

50

3 Results This behaviour can be explained by the lower boundary layer
height in the post-monsoon season (Raatikainen et al., 2011).
3.1 General features In the following sections, we will detail the behaviour of dif-

ferent aerosol properties during and around monsoon.
The monsoon characteristics are presented in Fig. 2. During
the four measurement years, there were contrasting monsoon
seasons; with both excessive rain and drought. Rainfall was

www.atmos-chem-phys.net/11/8283/2011/ Atmos. Chem. Phys., 11, 828832011
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Table 1. Pre-monsoon, monsoon and post-monsoon average aerosol properties in Mukteshwar and Gual Pahari. 30 % hourly data coverage
is demanded+ denotes standard deviation calculated from the hourly data.

Mukteshwar Abs coeff. Scat coeff Niot N <25nm N25<d<75nm N >75nm

Season Year mMmt Mm~1 #lem? #lem #lcm #lcm

Pre 2006 21.614.6 88.6:54.0 46132531 274581 17151230 29761534

Monsoon 7.45.2 42.3:40.6 2023876 54+-56 730£323 1228639

Post 18.212.7 96.3:93.0 31081570 6988 8444573 21251124

Pre 2007 25.816.7 96.457.5 57613447 298736 1886:1453 35452111

Monsoon 8.945.1 56.8:40.6 26531011 68:75 976+473 1605:699

Post 19.6:14.0 97.4£82.5 401@-1965 118142 1104636 2446:1236

Pre 2008 25.418.9 133.8:95.0 69014054 393795 21331513 4365-2907

Monsoon 6.94.9 34.3:37.5 1909-900 6670 726+318 1115640

Post 18.311.4 104.987.5 3195-2683 125208 9991225 20651397

Pre 2009 25.F#16.6 128.4119.8 63954841 368:-685 2176:1831 3824:3448

Monsoon 74.160.3 32441819 1194169 1266:781 19291222

Post 31.5-26.5 21241234 156:-248 778464 1258:721

Gual Pahari Abs coeft. Scat coeff Niot N<25nm N25<d<75nm N>75nm Viot.4<d <10 um
Season Year Mmt Mm~—1 #enp #icn? #icn? #cn? pns cm—3
Pre 2008 62.851.3 77.2£57.5
Monsoon 6342+4104

Post 843.9626.6

Pre 2009 60.849.7 312.4253.2 69534835 50.6:45.4
Monsoon 28.6:26.9 560724059 29.2:20.6
Post 109.859.9 1235.5-1291.2 2586@11707 195@-4046 6904-4299 1696-9486 66.0:43.8

Measured af 520 nmP 525 nm€ 637 nmd 520 nm.

3.2 Aerosol size distribution -30 4 ot
.35 ® PM2.5

The number size distributions during the pre-monsoon, mon- ~ -40 - 208 2009 i e

soon and post-monsoon seasons are presented for both sti® s u Abs

tions in Fig. 4a and c, together with the monthly average % 50 o X Viot

modal concentrations (Fig. 4b and d). 3 i

In Mukteshwar, the average number size distribution was E -60

unimodal at all times. The total particle concentrations de- % 5 o S

creased by about 50-75% from the pre-monsoon to mon- < 5 2006 H

soon season, depending on the amount of rainfall. The nu-

cleation mode decreased by an average of 77 %, the Aitker 7> |

mode by 53 % and the accumulation mode by 60%. In ad- -8 * ‘ * !

dition to the concentration decrease, the seasonal averag 200 400 600 500 1000, 12000 1400

mode diameter decreased from the pre-monsoon value o Rain accumulation, mm

~101 nm to the monsoon average-681 nm. The average

ratio of Aitken-mode particles (25—-75nm) to accumulation Fig. 3. The relative change of the aerosol concentrations from
mode (75-800nm) particlesVait/ Nacc increased from the the pre-monspon to monspon seqson as a function of the June—
pre-monsoon time value of 0.58 to monsoon time value ofSeptember rain acs:umulatlon. Solid sympols: data frc_)m Muktesh-
0.65. An increased ratio points towards fresher emissions o‘évag Egin symbols: data from Gual Pahari. Each year is surrounded
increased removal of the accumulation mode patrticles. New” '
particle formation was not observed in Mukteshwar during
the monsoon season (Neitola et al., 2011). No major inter-

annual variations were found in the monsoon season moddlecreased to 0.50, illustrating that aerosol aging processes
concentration ratios, indicating that the total accumulatedstarted to take place.

rainfall had little influence on this. During post-monsoon the From Gual Pahari, the average size distributions look
average value for the mode diameter wdD8 nm. Theratio  rather different (Fig. 4c).  During pre-monsoon, the
of Aitken-mode to accumulation mode particléésit/ Nacc nucleation- and Aitken-modes had a strong contribution,

Atmos. Chem. Phys., 11, 8283294 2011 www.atmos-chem-phys.net/11/8283/2011/
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Fig. 4. Average size distributions for different season&yMukteshwar, angc) Gual Pahari. Solid lines are averages and dashed and dotted
lines represent the 10th and 90th percentiles, respectively. Annual variation of the modal particle number concen{tatighsiashwar,
and(d) Gual Pahari. Nucleation modg < 25 nm, Aitken mode 25 nre: dp < 75 nm, accumulation mod#, > 75 nm.

equal to the accumulation mode. This was due to strong 159 -
new particle formation. The concentration decrease during
the monsoon season was less obvious than in Mukteshwar
with the accumulation and Aitken-modes showing very sim- 149 -
ilar values during both seasons (Fig. 4d). Also the nucleation &
mode concentration decreased only about 20 %, and new par 2 120
ticle formation events were still observed. Despite the wet & 100 -
deposition, nucleation precursors apparently existed in Gual &
Pahari during the monsoon season. During monsoon, the ac 8 &l
cumulation mode diameter decreased from the pre—monsoor§ 60 -
value of~80 nm to~70 nm. The ratiaVajt/ NaccWas smaller =
than unity during both the pre-monsoon and the monsoon
season, probably due to new particle formation and fresh 20 -
emissions in the area. During post-monsoon season, similal
aging of the aerosols took place as in Mukteshwar, resulting
in an elevated accumulation mode, withjt/ Nacc < 1. It has
to be emphasized that the data coverage from the Gual Pahau.
DMPS was very low, (lowest coverage during the monsoon_. o o
season: 11% for the nucleation-, 34 % for the Aitken- andFIg' 5. The volume size dlstrlputlpn in Gual Pahari during different
32% for the accumulation-mode), and the average size dis_f,eason_s,.@< dp <10 um. Solid lines are averages and dashgd and
o . ' dotted lines represent the 10th and 90th percentiles, respectively.
tributions do not necessarily represent the full seasons very
well.

—Pre-monsoon
160 - —Rainy season
Post-monsoon

0.1 1 10
Diameter, um
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Fig. 6. Scattering coefficienfa) at 525nm in Mukteshwafh) at Fig. 7. Absorption coefficient{a) at 520 nm in Mukteshwa(b)

520nm in Gual Pahari. Lines are 24 h running averages from theat 637nm in Gual Pahari. Lines are 24h running averages from

monsoon season, box plots denote to pre- and post-monsoon S€fie monsoon season. box plots denote to pre- and post-monsoon

sonal values of 10 %-ile, 25 %-ile, median (line), average (dob), soa50na) values of 10 %-ile, 25 %-ile, median (line), average (dot),
75 %-ile and 90 %-ile. 75 %-ile and 90 %-ile

When interpreting the size distribution data from the sta-{tration during monsoon), with a coarse mode-atum dur-
tions, two important aspects related to wet removal processel§d Pre-monsoon and-3 um during monsoon. This mode
have to be kept in mind. First, the scavenging by rain is!S strongly rellated to primary .partlcles, indicating that these
size dependent. The scavenging coefficient has a minimur¥/€r€ @ prominent source during the pre-monsoon and mon-
for particles with a diameter around 150 nm. With a nearS00n season. The occurrence of the coarse mode also il-
parabolic shape as a function of particle size, the scavenginfj/Strates that sources are an important factor affecting the
coefficient is two times higher for 20 nm and fe2 pm par- varl_aplllty of aerosols during monsoon, not only the wet de-
ticles (e.g., Laakso et al., 2003). This helps to explain whyPOSition loss processes. The contrlputlon of mlneral dust
accumulation particles in Gual Pahari were not lost very ef-10 the coarse mode was discussed in context of high con-
fectively. On the other hand, the mountain location of Muk- ¢éntration episodes during monsoon in the companion pa-
teshwar promotes the occurrence of clouds and fogs, whicRer (Hywarinen etal., 2011). A trajectory analysis conducted
enhance the removal of particles by the activation mechaln that paper indicated that the origin of mineral dust was
nism to cloud droplets. This mechanism is very effective for Mainly from the Thar Desert. A smaller mode, which ap-
particles bigger than 100 nm, and explains the accumulatioP€@rs as a shoulder #0.8 um was significantly higher dur-
mode decrease in Mukteshwar. ing the post-monsoon season, exceeding the concentration of

Vol ize distributi ded qf Gual Pah the coarse mode. This relates to the elevated accumulation
blume size distributions were deducted from Gual Pa an . ode during post-monsoon.

APS-measurements in the aerodynamic size range of 0.4—
10 um (Fig. 5) allowing for the inspection of larger particles.
The average size distributions during pre-monsoon and mon-
soon seasons were strikingly similar (albeit lower in concen-

Atmos. Chem. Phys., 11, 8283294 2011 www.atmos-chem-phys.net/11/8283/2011/
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e Fig. 9. Histogram of SSA values in Mukteshwar during pre-

0.95 monsoon, monsoon and post-monsoon.

0.90 4
S 0851 similarly to Mukteshwar, scattering coefficient showed occa-
@ sional high concentrations, especially during 2009 (Fig. 6).

0.80 \ In contrast to Mukteshwar, absorption coefficient in Gual Pa-

0754 hari did not decrease very efficiently (Fig. 3) in the monsoon

season. This can be explained by two reasons: first, the accu-
070+ mulation mode with the related absorbing particles was less
0.65 : : : : effectively decreased during the monsoon in Gual Pahari, be-

el L 1410 cause of the missing activation removal mechanism. Second,
Gual Pahari is located closer to pronounced anthropogenic
Fig. 8. Single scattering albedo, SSA at 525 na) Mukteshwar ~ combustion sources. This can be observed by the occasion-
(b) Gual Pahari. Lines are 24 h running averages from the mon-ally high absorption coefficients (Fig. 7), and in general the
soon season, box plots denote to pre- and post-monsoon seasormgh Nait/ Nacc ratio above unity supports this.
values of ;0 %-ile, 25 %-ile, median (line), average (dot), 75 %-ile During post-monsoon, a clear difference can be seen at the
and 90 %-ile. two stations — at Mukteshwar, both the absorption and scat-
tering coefficient decreased compared to pre-monsoon, while
3.3 Aerosol scattering and absorption coefficient in Gual Pahari a substantial increase was observed. As men-
tioned before, this is related to the boundary layer evolution,
The optical properties (Figs. 6 and 7) generally followed as most of the pollution was confined below the altitude of
the seasonal behaviour of concentration levels decreasing b&4ukteshwar. This is studied in more detail by Raatikainen et
tween 40-75 % from the pre-monsoon average during monal. (2010).
soon (Table 1 and Fig. 3). In Mukteshwar, the scattering
coefficient decreased, on average, less than the absorpti®4 Single scattering albedo
coefficient (Fig. 3), mostly due to episodic peak concentra-
tions (Fig. 6) during the monsoon season. Light scattering iSVe calculated the single scattering albedo, SSA from the
more effective, the bigger the particles are. So, again the inscattering and absorption coefficients measured at both sta-
creased light scattering can be related to mineral dust whichions. Single scattering albedo is the ratio of the scattering
was occasionally present during the break spells of the moneoefficient to the extinction coefficient (scattering + absorp-
soon. The more effective decrease of the absorption coeffition). In Mukteshwar, the single scattering albedo had values
cient indicates an efficient removal of absorbing aerosols inof 0.75-0.90 (Fig. 8), being slightly higher during the mon-
Mukteshwar. As discussed in the previous section, cloud angoon season than during the other seasons. The wide range
fog occurrence provided an additional activation mechanismof SSA values illustrates that the aerosol was highly variable
for aerosol removal in Mukteshwar. The effective decreasein terms of optical properties. Looking at the Mukteshwar
of the absorption coefficient implies that the absorbing mate-data in more detail (Fig. 9), we notice that a higher frequency
rial was in a hygroscopic form, thus, favouring the activation of low SSA values was observed during the pre-monsoon
process. season. This indicates the abundance of absorbing aerosols,
In Gual Pahari, less data is available for the monsoonwhich may originate from anthropogenic combustion sources
time scattering and absorption coefficients. It is notable thatpr from the seasonal forest fires in the area. During monsoon
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P BostMioreser tometer data we present here are level 1.5 data, which means
3.0+ that the data is cloud screened, but some quality checks are
missing. The average AOD measured with the sunphotome-
ter at 500 nm during the pre-monsoon was about 0.61 in Gual

201 Pahari (Fig. 10). During the monsoon season the average

AOD increased to about 0.70. It is noted that these are day-
Q157 time values.
< The aerosol columnar properties show a different sea-
109 % é sonal behaviour compared to the surface measurements, with

2.5+

the AOD having a maximum in the early monsoon season
(Fig. 10). This observation is supported by the Lidar height-
0.0 . . i i resolved profiles which show that the aerosol backscatter
w LTV L and extinction were at elevated levels during the monsoon
season (Fig. 11). These profiles show that during the pre-

Fig. 10. Aerosol optical depth, AOD at 500 nm, measured with the MONsoon and monsoon seasons the aerosol backscatter was
Cimel sunphotometer during 2009 in Gual Pahari. Line is daily av- highest in the lower altitudes, below 2km, and decreased
erages, box plots denote pre- and post-monsoon seasonal values fonotonically with altitude. During post-monsoon season,
10 %-ile, 25 %-ile, median (line), average (dot), 75 %-ile and 90 %- a low-level, but thick aerosol layer was observed. This cor-
ile. responds well with the boundary layer height (Raatikainen
et al., 2011), which implies that during the pre-monsoon

season, a small fraction-6 %) of SSA values higher than the aerosol would be efficiently vertically mixed, opposite to
0.9 were also observed. These high values corresponde@ost-monsoon. However, the boundary layer height does not
mostly with the higher scattering coefficients and were prob-€xplain the aerosol vertical distribution during the monsoon
ably related to mineral dust. The fact that high SSA valuesSéason.
were not observed during the pre-monsoon even though this This illustrates that the columnar measurements during
is also the season for dust events suggests that during préhe monsoon season, their interpretation and comparison to
monsoon the mineral dust was mixed with other, more ab-ground-level measurements is not a straightforward task. The
sorbing aerosol. Some episodes during the monsoon seas@@nflict between the average boundary layer heights may
showed decreased SSA of about 0.70, indicating highly abbe explained by the fact that during the break spells of the
sorbing aerosol. This occurred only with low absorption andmonsoon (and, thus, times when the columnar measurements
scattering coefficients, and was probably from local sourcesWere actually conducted), the boundary layer heights are ele-
such as cooking (Hyarinen et al., 2009). We also compared vated compared to the average values (Kusuma et al., 1991).
the SSA against the total particle couvib: from Muktesh- This still does not solve the discrepancy between surface in
war. As a general finding, the SSA values converged toward$itu and columnar measurements. As noted indfinen et
0.9 asNict increased. al. (2011), dust episodes were a probable reason for the early
The SSA in Gual Pahari showed slightly lower values thanmonsoon high concentrations. We studied this prospect by
in Mukteshwar, especially during the pre-monsoon, Varyinganalysing the refractive index data from the sunphotometer
from 0.73 to 0.93, with a majority of SSA values (37 %) Mmeasurements (Fig. 12). The real part of the refractive in-
falling between 0.8 and 0.85. This is hardly surprising, asdex obtained values mostly above 1.47. This corresponds
many anthropogenic sources produce BC in the area. Ther@ell with mineral dust (mixed with other aerosol), which
is very little information about the SSA in Gual Pahari during has a refractive index of about 1.5 (e.g., d’Almeida et al.,
the monsoon, but the values observed were typically belowt991). The AOD's during the early monsoon showed much
0.8, indicating the dominance of absorbing particles. Reahigher values than during pre-monsoon, when mineral dust
sons for the dominance of absorbing particles were discusse@as also present in surface measurements. Relative humid-
in the previous section. Firm conclusions cannot be maddty may provide an explanation in the observed discrepancies,
from the Gual Pahari monsoon time SSA due to the poor dat&s it affects the particle size and, thus, its optical properties
coverage. For the post-monsoon, the average SSA increasédieger etal., 2011). While the columnar measurements pro-
compared to pre-monsoon at both locations. No significant\/ide properties of ambient aerosol, the in situ measurements

0.5

inter-annual variation was observed in the SSA data. are from a dried aerosol. Drying may reduce the particle
sizes by a factor of 2—4, depending on aerosol composition
3.5 Aerosol columnar properties and ambient conditions.

We tested this hypothesis by comparing the Lidar ex-
Aerosol columnar properties were observed at Gual Paharitinction profiles with RH soundings available for the Li-
During 2008, a Raman lidar was installed (Komppula et al.,dar measurement periods from the near-by New Delhi
2010) and during 2009 a Cimel Sunphotometer. The sunphoairport (Fig. 13) (University of Wyoming, department
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Fig. 11. Seasonal averaged backscatter and extinction profiles at two wavelengths for the Gual Pahari site during 2008. The 10 and 90
percentiles are also shown.

120 T T of atmospheric researchttp://weather.uwyo.edu/upperair/
Monsoon season 2009 sounding.htnl It can be seen that the profiles are very sim-
1007 : ‘ : ilar. This could well be a reason for the discrepancy between

surface in situ and columnar measurements. However, to
quantify the effect will be difficult without state-of-the-art in-
struments such as the hygroscopic tandem DMA or a humid-
ified nephelometer. Another explanation for the differences
could be that high concentration aerosols, such as mineral
dust, occur at higher altitudes rather than near the surface. In-
20t ‘ deed, the maximum extinction observed in the Lidar profiles

- B l occurred at around 1 km altitude. Another reason for the ob-
e i a2 1 Ls st s s e served differences could be that the columnar measurements

Real partof efrective index were only conducted during cloud free periods. However,

comparing the in situ concentrations only when AOD was
measured did not solve the difference.

60

Number of observations

401

Fig. 12. Histogram of (real part) refractive index from Gual Pahari
sunphotometer measurements during 2009.
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Fig. 13. Seasonal averaged RH-profiles from soundings at New Delhi airport during 2008 for the same time periods the lidar data was
available. The 10th and 90th percentiles are also shown.

4 Conclusions dust was observed. This resulted in an elevated fddn-
centration at both stations (Hgwinen et al., 2011), and a

A 4-yr data set from Mukteshwar, Indian Himalayas, and adominating volume mode at 3—4 um observed with the APS
2-yr data set from Gual Pahari, Indo-Gangetic plains wa§” Gual Pahari. The occurrence of mineral dust was further
utilized to study the variation of aerosol physical and op- evinced by an increased scattering coefficient at both sta-

tical properties before, during and after the monsoon. welions, and arefractive index1.5 was observed with the Gual
observed that at both stations, the average monsoon aerospfar sunphotometer. The contribution of mineral dust dur-
concentrations were smaller by 40-75% compared to thdnd these months has been reported also previously (e.g., Dey
pre-monsoon average concentrations, decreasing with in@"d Tripathi, 2008; Gautam et al., 2009b, 2011; Ram et al.,
creasing total local rainfall during the monsoon season. 2008, 2010). Itis likely that the relatively high absorption

In Muktesh th e . ¢ | h coefficients in Gual Pahari (and corresponding low SSA val-
anigmslf aZ?os\f\é)allréca\e;;Vﬁreb ?alrl]iqr?Jorraﬁe drrgn;();’? drgggvéues) during the monsoon season were partly caused by the
tion to (;Ioud and mounta?in ?ogydropleq[s The foprmer rnec:ha_pronounced anthropogenic combustion sources in the area.

nism removed other than accumulation mode particles effec The aerosol columnar properties, which were measured in
. . . =P .~ “Gual Pahari, had an annual maximum in the early monsoon
tively, while the latter mechanism was especially effective in

ina th lati d dbi ticles. Th season, which is in contradiction with the surface measure-
removing the accumulation mode and bIgger particies. ThuSy,q s e concluded two likely reasons for this: (1) Colum-
the monsoon removed particles in all size classes. In Gu

) . . . . har measurements were from the ambient aerosol (grown by
Pahari, the main removal mechanism was scavenging by rai

Nwater vapour), while the in situ measurements sampled dr
The accumulation mode was less effectively removed thal pour), b y

h I dq] el o v in Mukt hnaerosol. (2) The early monsoon dust events arrived from a
€ smaller and farger particles. onsequently, In VUkIes higher altitude as indicated by the maximum extinction with
war, black carbon (being mostly in the accumulation mode)

. . ~’the Lidar at around 1 km altitude.
decreased effectively during the monsoon season, resulting

in decreased absorption over scattering. In Gual Pahari, aCSuppIementary material related to this
cumulation mode BC was less effectively removed. Thus,article is available online at:
the single scattering albedo increased in Mukteshwar duringhttp://www.atmos-chem-phys.net/11/8283/2011/
the monsoon season, but decreased in Gual Pahari. acp-11-8283-2011-supplement.pdf
In addition to the loss processes, aerosol concentrations
during the monsoon were affected by sources. In Gual Pa-
hari, new particle formation was observed during the pre-
monsoon and monsoon seasons. In both locations, mineral
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http://www.atmos-chem-phys.net/11/8283/2011/acp-11-8283-2011-supplement.pdf
http://www.atmos-chem-phys.net/11/8283/2011/acp-11-8283-2011-supplement.pdf

A.-P. Hyvarinen et al.: Part 2: Physical and optical properties 8293

AcknowledgementdVieasurements in the Gual Pahari station were Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Set-
funded by the The European Integrated project on Aerosol Cloud zer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., Nakajima,
Climate and Air Quality Interactions, EUCAARI. Mukteshwar T., Lavenu, F., Jankowiak, |., and Smirnov, A.: AERONET —
measurements were funded by The Ministry of Foreign Affairs A Federated Instrument Network and Data Archive for Aerosol
of Finland, “Particulate pollution and the Indian Brown Cloud Characterization, Remote Sens. Environ. 66, 1-16, 1998.
associated with it” — project. Timo Anttila and Ari Halm are Huang, Y., Chameides, W. L., and Dickinson, R. E.: Direct
acknowledged for technical assistance and Juha Hatakka for and indirect effects of anthropogenic aerosols on regional pre-
trajectory calculations. TERIs staff is acknowledged for their cipitation over east Asia, J. Geophys. Res. 112, D03212,
valuable routine maintenance of instruments in Gual Pahari and doi:10.1029/2006JD007112007.

Mukteshwar stations, and for the synoptic weather observations aHyvarinen, A.-P, Lihavainen, H., Komppula, M., Sharma, V. P,,

the Mukteshwar station. Kerminen, V.-M., Panwar, T. S., and Viisanen, Y.: Continuous
measurements of optical properties of atmospheric aerosols in
Edited by: A. Wiedensohler Mukteshwar, Northern India, J. Geophys. Res., 114, D08207,

doi:10.1029/2008JD011489009.
Hyvarinen, A.-P., Lihavainen, H., Komppula, M., Panwar, T. S.,

References Sharma, V. P., Hooda, R. K., and Viisanen, Y.: Aerosol mea-

surements at the Gual Pahari EUCAARI station: preliminary re-

Bergstrom, R. W.: Extinction and Absorption Coefficients of the  sults from in-situ measurements, Atmos. Chem. Phys., 10, 7241—
Atmospheric Aerosol as a Function of Particle Size, Contr. At-  7252,doi:10.5194/acp-10-7241-2012010.
mos. Phys., 46, 223-234, 1973. Hyvarinen, A.-P., Raatikainen, T., Brus, D., Komppula, M., Pan-

Bergstrom, R. W., Pilewskie, P., Russell, P. B., Redemann, J., Bond, war, T. S., Hooda, R. K., Sharma, V. P., and Lihavainen, H.: Ef-
T. C., Quinn, P. K., and Sierau, B.: Spectral absorption proper- fect of the summer monsoon on aerosols at two measurement
ties of atmospheric aerosols, Atmos. Chem. Phys., 7, 5937-5943, stations in Northern India — Part 1: PM and BC concentrations,
doi:10.5194/acp-7-5937-2002007. Atmos. Chem. Phys., 11, 8271-828®j:10.5194/acp-11-8271-

Bollasina, M., Nigam, S., and Lau, K.-M.: Absorbing Aerosols and 2011, 2011.

Summer Monsoon Evolution over South Asia: An Observational Komppula, M., Lihavainen, H., Hyarinen, A.-P., Kerminen, V.-M.,
Portrayal, J. Climate, 21, 3221-3239, 2008. Panwar, T. S., Sharma, V. P., and Viisanen, Y.: Physical proper-

Bohren, C. F. and Huffman, D. R.: Absorption and scattering of ties of aerosol particles at a Himalayan background site in India,
light by small particles, John Wiley and Sons, New York, 530 pp.,  J. Geophys. Res., 114, D1220@pi:10.1029/2008JD011007
1983. 20009.

Chang, M.-C., Chow, O., J. C., Watson, J. G., Hopke, P. K., Yi, S.-Komppula, M., Mielonen, T., Arola, A., Korhonen, K., Lihavainen,
M., and England, G. C.: Measurements of ultrafine particle size H., Hyvarinen, A.-P., Baars, H., Engelmann, R., Althausen, D.,
distributions from coal-, oil- and gas-fired stationary combustion ~ Ansmann, A., Miller, D., Panwar, T. S., Hooda, R. K., Sharma,
sources, J. Air Waste Manage. Assoc., 54, 1494-1505, 2004. V. P., Kerminen, V.-M., Lehtinen, K. E. J., and Viisanen, Y.;: One

Collier, J. C. and Zhang, G. J.: Aerosol direct forcing of the sum-  year of Raman-lidar measurements in Gual Pahari EUCAARI
mer Indian monsoon as simulated by the NCAR CAM3, Clim.  sjte close to New Delhi in India: seasonal characteristics of
Dynam., 32, 313-332, 2009. the aerosol vertical structure, Atmos. Chem. Phys. Discuss., 10,

d’Almeida, G. A., Koepke, P., and Shettle, E. P.. Atmospheric  31123-31151¢l0i:10.5194/acpd-10-31123-2012010.
aerosols: Global climatology and radiative characteristics, AKuhlmann, J. and Quaas, J.: How can aerosols affect the Asian
Deepak Publishing, Hampton, Virginia, 561 pp., 1991. summer monsoon? Assessment during three consecutive pre-

Dey, S. and Tripathi, S. N.: Aerosol direct radiative effects over monsoon seasons from CALIPSO satellite data, Atmos. Chem.
Kanpur in the Indo-Gangetic basin, northern India: Long-term  Phys,, 10, 4673-46880i:10.5194/acp-10-4673-2012010.
(2001-2005) observations and implications to regional climate,Kusuma, G. R., Raman, S., and Prabhu, A.: Boundary-layer heights
J. Geophys. Res., 113, D0421@0i:10.1029/2007JD009029 over the monsoon trough region during active and break phases,
2008. Bound.-Layer Meteorol., 57, 129-138, 1991.

Gautam, R., Hsu, N. C., Lau, K.-M., Tsay, S. C., and Kafatos, M.: Laakso, L., Gonholm, T., RannikU, Kosmale, M., Fiedler, V.,
Enhanced pre-monsoon warming over the Himalayan-Gangetic Vehkanaki, H., and Kulmala, M.: Ultrafine particle scavenging
region from 1979 to 2007, Geophys. Res. Lett.,, 36, LO7704, coefficients calculated from 6 years field measurements, Atmos.

doi:10.1029/2009GL037642009a. Environ., 37, 3605-3613, 2003.

Gautam, R., Hsu, N. C., Lau, K.-M., and Kafatos, M.: Aerosol Lau, K. M. and Kim, K.-M.: Observational relationship between
and rainfall variability over the Indian monsoon region: distri-  aerosol and Asian rainfall and circulation, Geophys. Res. Lett.,
butions, trends and coupling, Ann. Geophys., 27, 3691-3703, 33, 1L21810d0i:10.1029/2006GL027548006.
doi:10.5194/angeo-27-3691-2Q@D09%b. Lau, K. M. and Kim, K.-M.: Fingerprinting the impacts of

Gautam, R., Hsu, N. C., Tsay, S. C., Lau, K. M., Holben, B., Bell,  aerosols on long-term trends of the Indian summer mon-

S., Smirnov, A, Li, C., Hansell, R., Ji, Q., Payra, S., Aryal, soon regional rainfall, Geophys. Res. Lett., 37, L16705,
D., Kayastha, R., and Kim, K. M.: Accumulation of aerosols doi:10.1029/2010GL043252010.

over the Indo-Gangetic plains and southern slopes of the Hi-Lau, K. M., Kim, M. K., and Kim, K.-M.: Asian monsoon anoma-
malayas: distribution, properties and radiative effects during the lies induced by aerosol direct effects, Clim. Dyn., 26, 855-864,
2009 pre-monsoon Season, Atmos. Chem. Phys. Discuss., 11, doi:10.1007/s00382-006-01142006.
15697-15743d0i:10.5194/acpd-11-15697-2012011.

www.atmos-chem-phys.net/11/8283/2011/ Atmos. Chem. Phys., 11, 828832011


http://dx.doi.org/10.5194/acp-7-5937-2007
http://dx.doi.org/10.1029/2007JD009029
http://dx.doi.org/10.1029/2009GL037641
http://dx.doi.org/10.5194/angeo-27-3691-2009
http://dx.doi.org/10.5194/acpd-11-15697-2011
http://dx.doi.org/10.1029/2006JD007114
http://dx.doi.org/10.1029/2008JD011489
http://dx.doi.org/10.5194/acp-10-7241-2010
http://dx.doi.org/10.5194/acp-11-8271-2011
http://dx.doi.org/10.5194/acp-11-8271-2011
http://dx.doi.org/10.1029/2008JD011007
http://dx.doi.org/10.5194/acpd-10-31123-2010
http://dx.doi.org/10.5194/acp-10-4673-2010
http://dx.doi.org/10.1029/2006GL027546
http://dx.doi.org/10.1029/2010GL043255
http://dx.doi.org/10.1007/s00382-006-0114-z

8294

Lelieveld, J., Crutzen, P. J., Ramanathan, V., Andreae, M. O., BrenNigam, S. and Bollasina, M.:

ninkmeijer, C. A. M., Campos, T., Cass, G. R., Dickerson, R. R.,
Fischer, H., de Gouw, J. A., Hansel, A., Jefferson, A., Kley, D.,
de Laat, A. T.J., Lal, S., Lawrence, M. G., Lobert, J. M., Mayol-

A.-P. Hyarinen et al.: Part 2: Physical and optical properties

“Elevated heat pump” hy-

pothesis for the aerosol-monsoon hydroclimate link:

“Grounded” in observations?, J. Geophys. Res., 115, D16201,
doi:10.1029/2009JD01380Q010.

Bracero, O. L., Mitra, A. P., Novakov, T., Oltmans, S. J., Prather, Raatikainen, T., Hyarinen, A.-P., Hatakka, J., Panwar, T. S,

K. A., Reiner, T., Rodhe, H., Scheeren, H. A., Sikka D., and
Williams, J.: The Indian Ocean Experiment: Widespread air pol-

Hooda, R. K., Sharma, V. P., and Lihavainen, H.: Compari-
son of aerosol properties from the Indian Himalayas and the

lution from South and Southeast Asia, Science 291, 1031-1036, Indo-Gangetic plains, Atmos. Chem. Phys. Discuss., 11, 11417—

2001.

11453,d0i:10.5194/acpd-11-11417-2012011.

Liu, D., Wang, Z., Liu, Z., Winker, D., and Trepte, C.: A Ram, K., Sarin, M. M., and Hedge, P.: Atmospheric abundances of

height resolved global view of dust aerosols from the first year

primary and secondary carbonaceous species at two high-altitude

CALIPSO lidar measurements, J. Geophys. Res., 113, D16214, sitesin India: Sources and temporal variability, Atmos. Environ.,

doi:10.1029/2007JD009778008.

42(28), 6785-6796, 2008.

Liu, Z., Liu, D., Huang, J., Vaughan, M., Uno, |., Sugimoto, N., Kit- Ram, K., Sarin, M. M., and Tripathi, S. N.: A 1 year record of

taka, C., Trepte, C., Wang, Z., Hostetler, C., and Winker, D.: Air-

borne dust distributions over the Tibetan Plateau and surround-

ing areas derived from the first year of CALIPSO lidar obser-
vations, Atmos. Chem. Phys., 8, 5045-50660i;10.5194/acp-8-
5045-20082008.

carbonaceous aerosols from an urban site in the Indo-Gangetic
Plain: Characterization, sources, and temporal variability, J.
Geophys. Res., 115, D24318)i:10.1029/2010JD014188010.

Ramanathan, V. and Carmichael, G.: Global and regional climate

changes due to black carbon, Nat. Geosci., 1, 221-227, 2008.

Meehl, G. A., Arblaster, J. M., and Collins, W. D.: Effects of Black Ramanathan, V., Li, F., Ramana, M. V., Praveen, P. S., Kim,

Carbon Aerosols on the Indian Monsoon, J. Climate, 21, 2869—

2882, 2008.

Muller, T., Henzing, J. S., de Leeuw, G., Wiedensohler, A,
Alastuey, A., Angelov, H., Bizjak, M., Collaud Coen, M., En-
gstibm, J. E., Gruening, C., Hillamo, R., Hoffer, A., Imre, K.,

D., Corrigan, C. E., Nguyen, H., Stone, E. A., Schauer, J. J.,
Carmichael, G. R., Adhikary, B., and Yoon, S. C.: Atmospheric

brown clouds: Hemispherical and regional variations in long-

range transport, absorption, and radiative forcing, J. Geophys.
Res., 112, D22S2H0i:10.1029/2006JD008122007.

Ivanow, P., Jennings, G., Sun, J. Y., Kalivitis, N., Karlsson, H., Randles, C. A. and Ramaswamy, V.: Absorbing aerosols over Asia:

Komppula, M., Laj, P., Li, S.-M., Lunder, C., Marinoni, A., Mar-
tins dos Santos, S., Moerman, M., Nowak, A., Ogren, J. A., Pet-
zold, A., Pichon, J. M., Rodriquez, S., Sharma, S., Sheridan,
P. J., Teinid, K., Tuch, T., Viana, M., Virkkula, A., Weingart-

A Geophysical Fluid Dynamics Laboratory general circulation
model sensitivity study of model response to aerosol optical
depth and aerosol absorption, J. Geophys. Res., 113, D21203,
doi:10.1029/2008JD010142008.

ner, E., Wilhelm, R., and Wang, Y. Q.: Characterization and in- Tyagi, A., Hatwar, H. R., and Pai, D. S., eds.: Monsoon 2008, A

tercomparison of aerosol absorption photometers: result of two

intercomparison workshops, Atmos. Meas. Tech., 4, 245-268,
doi:10.5194/amt-4-245-2012011.

Nakajima, T., Yoon, S.-C., Ramanathan, V., Shi, G.-Y., Takemura,
T., Higurashi, A., Takamura, T., Aoki, K., Sohn, B.-J., Kim,
S.-W., Tsuruta, H., Sugimoto, N., Shimizu, A. Tanimoto, H.,
Sawa, Y., Lin, N.-H., Lee, C.-T., Goto, D., and Schutgens,
N.: Overview of the atmospheric Brown Cloud East Asian Re-
gional Experiment 2005 and a study of the aerosol direct ra-
diative forcing in east Asia, J. Geophys. Res., 112, D24S91,
doi:10.1029/2007JD009002007.

Neitola, K., Asmi, E., Komppula, M., Hyarinen, A.-P,
Raatikainen, T., Panwar, T. S., Sharma, V. P., and Lihavainen,
H.: New particle formation infrequently observed in Himalayan
foothills — why?, Atmos. Chem. Phys. Discuss., 11, 13193—
13228,d0i:10.5194/acpd-11-13193-2012011.

Atmos. Chem. Phys., 11, 8283294 2011

report, Government of India, India Meteorological Department,
2009.

Zieger, P., Weingartner, E., Henzing, J., Moerman, M., de Leeuw,

G., Mikkila, J., Ehn, M., Pé&ja, T., Cemer, K., van Roozen-
dael, M., Yilmaz, S., Frie3, U., Irie, H., Wagner, T., Shaigan-
far, R., Beirle, S., Apituley, A., Wilson, K., and Baltensperger,
U.: Comparison of ambient aerosol extinction coefficients ob-
tained from in-situ, MAX-DOAS and LIDAR measurements at
Cabauw, Atmos. Chem. Phys., 11, 2603—-26i#%;10.5194/acp-
11-2603-20112011.

www.atmos-chem-phys.net/11/8283/2011/


http://dx.doi.org/10.1029/2007JD009776
http://dx.doi.org/10.5194/acp-8-5045-2008
http://dx.doi.org/10.5194/acp-8-5045-2008
http://dx.doi.org/10.5194/amt-4-245-2011
http://dx.doi.org/10.1029/2007JD009009
http://dx.doi.org/10.5194/acpd-11-13193-2011
http://dx.doi.org/10.1029/2009JD013800
http://dx.doi.org/10.5194/acpd-11-11417-2011
http://dx.doi.org/10.1029/2010JD014188
http://dx.doi.org/10.1029/2006JD008124
http://dx.doi.org/10.1029/2008JD010140
http://dx.doi.org/10.5194/acp-11-2603-2011
http://dx.doi.org/10.5194/acp-11-2603-2011

