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Abstract. Particulate matter (PM) and equivalent black car- tween the pre-monsoon, monsoon and post-monsoon. The
bon (BCe) concentrations were measured at two locations imnset and withdrawal transitions occurred faster in Muktesh-
northern India during 2006—2010. The first measurement stawar than in Gual Pahari, both being typically less than 10
tion was a background site in Mukteshwar, about 350 kmdays. Transition periods in Gual Pahari took between 17 and
northeast of New Delhi, in the foothills of the Indian Hi- 31 days. The shorter transition times in Mukteshwar were
malayas. The second measurement site was located in Guptobably related to the more intense rains due to the moun-
Pahari, about 25 km south of New Delhi. Here we focusedtain location, and the fact that the station was most of the
on resolving the effects of the Indian summer monsoon ortime in the free troposphere.

the particulate matter and equivalent black carbon concen-
trations at two stations. The average monsoon time concen-

trations were decreased by 55-70% compared to the prer |ntroduction

monsoon average concentrations at both stations, decreasing

as a function of the total local rainfall during the monsoon Over 60 % of the world’s population is dependent on the wa-
season. In Mukteshwar during the monsoon, the 24 PM ter brought by the Asian Summer Monsoon. In addition to
concentrations were nearly always below the Indian Nationabeing a water supply and providing agricultural irrigation,
Air Quality Standard of 60 pg im®. In Gual Pahari, 13% of  the monsoon brings relief to the severe pollution built up dur-
days exceeded this level during the monsoon season. Howing winter and spring in the area. The largest and most persis-
ever, the 24 h guideline of 25 ugth given by the World  tent of these pollution hazes, called the “brown cloud”, cov-
Health Organization was more difficult to meet. In addi- ers an area of about 10 million Knover Southern Asia (e.g.

tion to loss processes, aerosol concentrations during the earlyelieveld et al., 2001; Nakajima et al., 2007; Ramanathan
monsoon were found to be affected by primary emissionset al., 2007). This particulate air pollution is assumed to
most likely from dust events from the Thar Desert. This re- originate from fossil fuel and biomass burning. Especially
sulted in elevated fractions of the coarse modepBMp at  in mega-cities such as New Delhi, air pollution is a major
both stations. In Mukteshwar, additional dust contribution health issue, causing as much as 3500 excess cases of car-
came from east of the station, from the Himalayan region.diovascular mortality (Gurjar et al., 2010) per year. Even in
We also determined the characteristic transition times bethe remote Himalayan areas, spring time particulate matter
concentrations exceed the standard values set by the WHO
(Panwar et al., 2011). During monsoon, the pollutants are

Correspondence toA.-P. Hyvarinen brought down in different wet deposition processes. These
BY (antti.hyvarinen@fmi.fi) reasons provide a comprehensive motivation to quantify the
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effect of the monsoon on aerosols in the area. In addition, 77300°E 77 450°E STE
it's well known that aerosols can modulate the monsoon and [~ o — =

B ey e
o - \

thus the whole water cycle (Lau and Kim, 2006; Bollasina et O mmcsarmacesn S TN
al., 2008; Meehl et al., 2008). Pxﬁﬁg‘j }

The Finnish Meteorological Institute (FMI) in co- oS e
operation with the Energy and Resources Institute of India e —
(TERI) have established two well-equipped aerosol measure-1 7 / - 30°00'N
ment stations in Northern India. One station was located at Y LT
Gual Pahari from December 2007 to January 2010. The site 3 L i
represented urban background in the Indo-Gangetic plains / o
close to New Delhi (Hy#rinen et al., 2010). Mukteshwar, ) _
on the other hand, is a relatively clean site at the foothills of | A i ™ | NV
the Himalayas about 270 km NE from Gual Pahari and about <~> .
2km above the plains (Hwrinen et al., 2009; Komppula cfﬁ:@
et al., 2009). The Mukteshwar station has been operational 2
since September 2005. i i

In this paper, we focus on investigating the particulate mat- 4
ter and equivalent black carbon and their development during- LY
the Summer Monsoon seasons at the two stations. We quan %,
tify the effect that the monsoon has on the aerosol concentra: ‘fﬁ;y
tions and compare the differences between different years a S

=

the two locations. Furthermore, we attempt to determine the it v
characteristic times of the onset and withdrawal of monsoon. T \ / ,
From the health perspective, it's interesting to know how 1 = | i 21soN
quickly the concentrations change between the pre-monsoon,

monsoon, and post-monsoon seasons. In the Companion pELg 1. Locations of the Gual Pahari and Mukteshwar measurement
per of this manuscript, we focus on the effect of monsoonstations.

on aerosol physical and optical properties (Hgmen et al.,

2011).

- 27°30'0"N

2.2 Instruments

In Mukteshwar, the Plyp and PM 5 measurements were car-
ried out using real-time beta attenuation particulate moni-
2.1 Measurement locations tors (FH 62 I-R) manufactured by Thermo Scientific. The
equivalent black carbon concentrations were measured with
The first measurement station was a background site in Muka Magee AE 31 Aethalometer. In addition, other measure-
teshwar (2926 N, 7937 E, Fig. 1), about 350 km northeast ments included the particle number size distribution from
of New Delhi in India. The site was located at 2180 m above 10 nm to 800 nm, aerosol scattering coefficient, and meteo-
sea level in a rural region in the Himalaya Mountains. Therological parameters including temperature, pressure, rela-
station was surrounded by an agricultural test field. No madive humidity and wind speed/direction. The measurements
jor local pollution sources were known to affect the site. Theand instruments at the site are presented in more detail by
nearest towns, Nainital and Almora, are located 25km toHyvarinen et al. (2009) and Komppula et al. (2009). The
the west and north of the site, respectively (see#inen  equivalent black carbon concentrations were sampled from a
et al. (2009) for a more detailed site description). Since thePMs inlet.
location was a remote place with minimal local emissions, In Gual Pahari, PMs and PMo were measured with a
we believe that the site represents, to the extent possible, &hermo Scientific SHARP Monitors model 5030, which uti-
regional background in India. The second measurement sitézes a hybrid method of beta attenuation with light scatter-
(Fig. 1) was located in Gual Pahari (28%4Rorth, 77.18 ing. Aerosol equivalent black carbon was measured with
East, 243 ma.s.l.), Gurgaon, about 25 km south of New Delhia Thermo Scientific Multi-Angle Absorption Photometer,
(see Hyvarinen et al. (2009) for a more detailed site descrip-MAAP from a PMg inlet. In addition, basic weather pa-
tion). The surroundings represent a semi-urban environmentameters were measured. A more detailed presentation can
Distance between the stations is about 270km. The prebe found in Hyvarinen et al. (2010).
sented results cover the years from 2006 to 2009 for Muk-
teshwar and from 2008 to 2009 for Gual Pahari.

2 Measurement sites and methods
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2.3 Data processing a50 |

400

= Mukteshwar
® Gual Pahari
The measured data was saved as five minute averages. Tt
five minute data was checked with outliers and obvious in-

. . £ 300
strument malfunctions periods removed. The data was ther %
€ 250

averaged to one hour with the condition that each hour had
more than 25min of data. All longer time averages were £
calculated from the hourly data, which was also converted = 1 ‘

|I |} “Il

to STP-conditions. It has to be noted that regulatory guide- 1o - ||
l,

350 4

lines set by WHO are from ambient measurements, not in s, . | J
STP conditions. We will mention specifically, whether our . R L
concentrations are presented in ambient or STP conditions oot 01012007 oo 01.01.2009 01.01.2010
One month averages were only calculated if the data cov-
ered more than _30 %_ of the time. For S?asonal al""’“yseﬁiig. 2. Monthly rain accumulation during running of the measure-
the year was divided into four seasons: winter (December—nent stations.
February), pre-monsoon (March-onset of monsoon), mon-
soon season and post-monsoon (withdrawal of monsoon-
November). When seasonal averages were calculated, theurprisingly, heavier rainfall was observed in Mukteshwar,
determined onset and withdrawal dates defined the monsooas air masses flowing uphill are more likely to form rain. In
season for each year separately. While these dates were tygiur measurement locations, the year 2008 exhibited the most
cally available for New Delhi, the dates for Mukteshwar had rainfall, with a total of 1181 mm in the Mukteshwar area and
to be estimated (see Raatikainen et al., 2011), and may corb70 mm in Gual Pahari. The year 2008 also exhibited an
tain some inaccuracy. Again a 30 % data coverage level wagarly monsoon onset date of 16.6., which is one of the earliest
demanded. onset dates recorded in the area with rainfall data available

Backward trajectories were calculated for every threesince 1901 (Tyagi et al., 2009). The weakest monsoon oc-
hours with the FLEXTRA model (Stohl et al., 1995) for the curred in 2006, with 760 mm total rain in Mukteshwar. This
950-hPa pressure level for Gual Pahari and 750-hPa pressureas similar to 2009, when 780 mm rained in Mukteshwar
level for Mukteshwar. For further trajectory analysis, the sur-and 420 mm in Gual Pahari. Interestingly, in Mukteshwar
roundings were split into 30 degree sectors to enable a morguring 2009 a considerable amount of rainfall was received
detailed investigation of the source areas of particulate polin October, after the monsoon had officially withdrawn.
lution. For each trajectory, a number of quantities were cal- General weather parameters and backward trajectories
culated, including the sectors in which the air was 24, 72 anchave been presented in detail in our previous papers
120h prior to its arrival at the measurement sites, the frac{Hyvéarinen et al. 2009, 2010; Komppula et al., 2009;
tion of time the air had spent in each sector, average heightRaatikainen etal., 2011); and only a short summary concern-
above sea level and above ground level. Taken together, theseg the monsoon season is presented here. The monsoon sea-
guantities provide the basis for distinguishing between dif-sons at both locations were characterized by low pressures:
ferent air masses and their influences on measured aerosé81 hPa and 973 hPa in Mukteshwar and Gual Pahari, respec-
properties. tively; and high RH’s: 88 %, and 74 %. The average tempera-

ture in Mukteshwar was 17 and in Gual Pahari 28C.
The diurnal variation of these parameters was weaker than

3 Results during other times of the year. The trajectories had a dis-
tinct pattern during the monsoon season. In Mukteshwar, the
3.1 Monsoon characteristics most common sector was from 90 to 280e. from the Bay

of Bengal, with about 47 % contribution. The sector from
The inter-annual characteristics of the monsoon season i210to 270 (Arabian Sea) contributed an additional 22 %. In
Mukteshwar and Gual Pahari are presented in Table 1 anual Pahari, the prominent sectors were nearly similar from
Fig. 2. District-wise monthly rainfall data from the India Me- 210-270 and 90-120, but here a 43 % contribution was ob-
teorological Department (IMD) web pagdstp://www.imd.  tained from the Arabian Sea and 23 % from the Bay of Ben-
gov.in) was used. Rainfall in Mukteshwar was calculated asgal. Inter-annual variations of the trajectories were also stud-
an average of that at Nainital and Almora, which are the twoied, but no significant differences were found. Outside the
closest measurement stations, 25 km to the west and norttmonsoon season, westerly air masses dominated.
respectively. Similarly, Gual Pahari rainfall was an average In previous studies (Raatikainen et al., 2011), the bound-
of that at the Gurgaon, Faridabad and New Delhi stationsary layer height was indicated to be the main reason for the
During the four measurement years there were contrastinglifferent annual and diurnal variation of aerosol properties
monsoon seasons, with both excessive rain and drought. Natt these two stations. The explanation was based on mixing
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Table 1. Onset/withdrawal dates of monsoon in Mukteshwar and Gual Pahari. Total rainfall during the monsoon period, calculated from
monthly data between June—September.

\ Onset | Withdrawal | Rainfall (mm)

\ Mukteshwar  Gual Pahar\i Both \ Mukteshwar ~ Gual Pahari
2006 30.61 30.61 27.91 760 341
2007 18.61 30.61 2.101 1015 424
2008 16.62 16.62 28.92 1181 573
2009 29.63 30.63 28.93 780 420

1 http:/mww.imd.gov.in/section/nhac/dynamic/Monsoivame.htm 2 Tyagi et al. (2009)3 Tyagi et al. (2010).

of the Cleqner air masses at the a!t'tUde of Muktgshwar WlthTable 2. Difference between the pre-monsoon and monsoon season
polluted air masses from the plains below. This occurred,erosol concentrations in Mukteshwar and Gual Pahari. Concentra-
when the boundary layer height was elevated above the Mukiions are in STP conditions.

teshwar altitude (2180 ma.s.l.). During the monsoon season,

the average maximum boundary layer heights did not exceed  vear BCe PMs PM1o

1500 m (Fig. 3), so Mukteshwar resided mostly in the free pg ni3 pg n3 pg 3

troposphere. Mukteshwar

3.2 General features 2006 Pre/Mons  1.55/0.55  52.8/21.2 103.7/48.3
% diff —64.6 —60.0 —53.4

The summer monsoon provides the main removal mecha- 2007 Pre/Mons  1.83/0.68 - -

nism for atmospheric pollutants in the Indian subcontinent % diff —62.9 - -

by different wet deposition processes. These include removal 2008 Pre/Mons  1.79/0.53  65.7/21.4 /33.1

by falling rain drops in both locations, and in Mukteshwar, % diff —704 —67.5 -

cloud processing by mountain fogs and clouds caused by ris- 3009 Pre/Mons 1.76/-  73.6/31.8 117.0/48.7

. . S % diff - —56.8 —58.4

ing air masses. The annual variation of Pifor both sta-

tions in 2008 can be seen in Fig. 4. At the end of the dry Gual Pahari

season, before thg monsoon, the_concentrations were close 5408 Pre/Mons 0.47/— 99.8/423 186.5/93.1

to the annual maxima, especially in Mukteshwar. This can o, giff _ _57.7 _501

be attributed dust events which occur when air masses arrive 2009 Pre/Mons  9.07/4.11 119.1/48.3 203.9/88.4

from the desert areas close to the Arabian Sea, such as the o diff —54.6 —59.5 —56.6

Thar Desert (Gautam et al., 2009). The effect of the summer
monsoon is very clear in this figure. When the rain accu-
mulation increased in June—September, the Pbncentra-
tion decreased drastically. It is important to notice from the
health perspective that the monsoon season was one of tHion decrease fine structure, showing a more effective de-
only times of the year when PA were mostly below the ~Créase for equ_lvalent black carbop and a Igss effective Qe—
national 24 h ambient air quality standard level of 60 ggm ~ crease for PN in Mukteshwar but vice versa in Gual Pahari.
(Central Pollution Control Board of India, 2009) at both mea- The more effective decrease of BCe in Mukteshwar may be
surement locations. However, the air quality guidelines givenéXplained by the additional cloud removal process. Aged BC
by the WHO (PM s < 25 pg n3) were still often exceeded. par_ticlgs are typically hygroscopic, which furthe_r .enhances
The average monsoon aerosol concentrations decreased Bytivation into cloud droplets. Data from the ra|r21|est years
about 5070 % compared to the pre-monsoon average confVas not available for Phb, which explains the lowk* value
centrations at both stations (Table 2, Fig. 5), decreasing aShown in Fig. 5.
a function of the total rainfall during the monsoon season. The amount of rainfall dictated the general magnitude of
The most effective decrease of aerosol concentrations wathe aerosol decrease, but in addition to the loss processes,
observed during 2008 in Mukteshwar. During 2008 the rainthe concentrations were of course dependent on the sources.
amounts were the highest of the study period as well. TheAn example of this was seen in Gual Pahari. While both
relative decrease can be estimated from the rain accumule2008 and 2009 showed very similar decreases in the PM
tion alone by an accuracy af5%. The measured aerosol concentrations due to similar rainfalls, the decrease was
property and measurement location affected the concentraslightly stronger during 2009, even though this was a weaker
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ary layer heights (PBL) obtained from the European Centre for Rain accumulation, mm
Medium-Range Weather Forecasts (ECMWF).

Fig. 5. The relative change of the aerosol mass concentrations from

450 450 the pre-monsoon to monsoon season as a function of the June—

—Mukteshwar Monsoon season 2008 September rain accumulation. Solid symbols: data from Muktesh-
400 1| —Gual Pahari [ 400 war; open symbols: data from Gual Pahari.
350 - 350 g
© 300 - 300 g )
€ 50 | 0 B 3.3 Aerosols at monsoon onset and withdrawal
=3 =
@ 200 | (18 200 § . .
z .l | g The transient periods between pre—m_onsoon/mon_soon and
‘ = monsoon/post-monsoon seasons provide a possibility to look
100 1 00 at the characteristic times of aerosol removal and build-up.
50 1 '\W‘M' ¥ 3 ﬂ!ﬁﬁlﬂ bt 50 This information is interesting from the health perspective, to
0 —_— 0 have an idea how fast the concentrations will decrease below
01.01.2008 ~ 01.042008 ~ 01.07.2008  30.09.2008  30.12.2008 the air quality standard levels at the onset and increase again
Date to harmful levels at the withdrawal (see Sect. 3.6). Another

: . . motivation is to understand the main mechanisms driving the
Fig. 4. PMy 5 and rain accumulation at Mukteshwar and Gual Pa-

hari during 2008. Solid lines denote daily 24 h PM concentrations,Concentratlon changes. . -
dotted lines monthly rain accumulation. The black line is the Indian Ve determined these characteristic times by examining all

national 24 h ambient air quality PA4 standard of 60 ugm?, the ~ the mass concentration data (RMPMz s, BCe). Data was
dotted line the corresponding WHO guideline of 25 pigin Con- first normalized to the mean value of the concentrations dur-
centrations are in ambient conditions. ing each monsoon season. Normalized data was then aver-
aged as a single proxy describing the concentrations as 24 h
averages. The transient time was determined as the time it
monsoon year. This was due to sources. In 2008 there wertook for the proxy to decrease from the pre-monsoon average
more episodic high concentrations observed during the monto the monsoon average or increase from the monsoon aver-
soon, and these increased the average concentrations. It hage to the post-monsoon average. To make sure that these
to be noted however that the deviations in the source strengthverage values reflected the true end and beginning of the
were only able to affect the fine structure of the seasonal conseasons, a further criterion was that the 24 h average had to
centrations, and the magnitude was still governed by the rainbe within the 25-75 percentile values of the prevailing season
fall observed during the monsoon. Pre-monsoon and earlyor at least 5 consecutive days before and after the transient
monsoon is the dust season in India (e.g. Dey and Tripathiperiod. As these choices are somewhat subjective, the pre-
2008; Gautam et al., 2009, 2011; Ram et al., 2008, 2010)sented characteristic transition times are only qualitative.
The prospect of the high concentrations during monsoon be- The onset transition in Gual Pahari took about 20 to 30
ing mineral dust is discussed in Sect. 3.5. The fine structurelays, and began typically during the late pre-monsoon season
in the BCe concentration may also depend on sources. ThéTable 3, Fig. 6). From the rain accumulation data we were
Gual Pahari location close to New Delhi makes it more sus-able to conclude that the beginning of the transient period in
ceptible to vehicular BC emissions, which in part may ex- 2008 coincided with the first heavy rain showers, and there
plain the less effective decrease there during the monsoon. was over 130 mm of rainfall in the area during the transition

www.atmos-chem-phys.net/11/8271/2011/ Atmos. Chem. Phys., 11, 82822011
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property. Dots mark the beginning and ending of the transient periods. See text for details.

Table 3. Characteristic transition times for the monsoon seasonavallable from Mukteshwar, so we (_:e_mnot c_onclude if _thls
onset and withdrawal according to aerosol concentration changedVas the reason for the shorter transition period. In addition

See text for details. to the wet deposition processes, it’s likely that the transport
patterns of aerosols had a role in the change in concentra-
tions.

Mukteshwar ~ Mukteshwar Gual Pahari  Gual Pahari The withdrawal of monsoon and consequent increase of
onset  withdrawal onset  withdrawal  the aerosol concentrations also differed clearly at the two sta-
2006 6.5d 4d _ _  tions. In Mukteshwar, the transition period varied from about
2007 2d 12d - - 3 to 10 days, while in Gual Pahari, the transient period took
2008 6d 3d 29d 17d up to 31 days (Table 3, Fig. 6). Again this illustrates that the
2009 9.5d - 23d 31d  puild-up process was different at the two locations. In Muk-
teshwar, the post-monsoon concentrations and size distribu-
d=days tions (See Hyiarinen et al., 2011) were close to the monsoon

period averages. Thus, the post-monsoon average concen-
. . . L .. trations were achieved quickly. In fact, in 2009 the post-
period. This resulted in an early beginning of the transition yqn500n concentrations were even lower than the monsoon
which was nearly 30 days long. In 2009, basically no local concentrations, partly due to additional rains during October
rain (10 mm) was observed in Gual Pahari during the tranS|-(Fig_ 2). In Gual Pahari, the post-monsoon averages were al-
tion period. However, the transient period still took over 20 1,44t 3 times as high as the monsoon season averages. During
days, which suggest that in general the local rains — whichy, o5t monsoon, the fine mode began to dominate (see Fig. 9),

could lower the concentrations temporarily — were not theang the build-up process of this fine mode from secondary
main driving force behind the initial concentration change in 4o rces took a longer time.

Gual Pahari. The transition onset period was much shorter
in Mukteshwar, lasting from about 2 to 10 days (Table 3).
In Mukteshwar, the rain amounts were high already in June,
which suggests that the aerosol there was brought down by
efficient wet deposition. Unfortunately no local rain data was

Atmos. Chem. Phys., 11, 8278282 2011 www.atmos-chem-phys.net/11/8271/2011/
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Fig. 7. PMy 5 mass. (a) Mukteshwar(b) Gual Pahari. Lines are Fig. 8. PMyg mass. (a) Mukteshwar(b) Gual Pahari. Lines are

24 h running averages from the monsoon season, box plots deno#4 h running averages from the monsoon season, box plots denote
the pre- and post-monsoon seasonal values of 10 %-ile, 25 %-ilethe pre- and post-monsoon seasonal values of 10 %-ile, 25 %-ile,

median (line), average (dot), 75 %-ile, and 90 %-ile. Concentrationgnedian (line), average (dot), 75 %-ile, and 90 %-ile. Concentrations

are in STP conditions. are in STP conditions.

3.4 Mass distribution and equivalent black carbon The fraction of equivalent black carbon (BCe) in PM

mass increased very slightly from the pre-monsoon during
The variation of PM 5 and PMg concentrations can be seen the early monsoon period (Fig. 10). In Mukteshwar, the
in Figs. 7 and 8. In Mukteshwar, the monsoon season avimonsoon season average BCe/Matio (calculated from
erage value of PMs/PM;jo was 0.69, indicating dominance hourly averages) was 4.3 %, while the pre-monsoon value
of fine particles (Fig. 9). However, episodic values down towas 3.3%. In practice this change is insignificant, and as
0.2 were encountered. In Gual Pahari the RNWPM1g frac- noted in Fig. 5, if the BCe/Pl ratio was calculated from
tions were typically lower, with the monsoon season averageseasonal averages, it would have actually increased. This
of 0.53, indicating a stronger coarse mode contribution tharimplies that the wet deposition processes removed particles
in Mukteshwar. Especially in 2008, episodic values down towith different chemistry and hygroscopicity with only little
0.2 were observed. The high contributions from the coarsdlifferences in Mukteshwar, or that the aerosol inclined to be
mode in Gual Pahari were related to the break spells of theénternally mixed. For Gual Pahari, data coverage does not al-
monsoon. Aerosols from primary sources have a potential tdow us to present the full season average for monsoon. How-
increase quickly, whereas for the fine fraction, the build upever, for July the ratio BCe/Pj% was 13.5 %, while the pre-
process needs more time as the secondary particles have toonsoon average was 9.4 %. The close proximity to New
grow to have a noteworthy mass. The origin of these episodi®elhi may in part explain the higher BCe/BMlduring there
high coarse mode concentrations are studied in the next secluring the monsoon, or BCe may have been less effectively
tion. removed than other particles.

www.atmos-chem-phys.net/11/8271/2011/ Atmos. Chem. Phys., 11, 82822011



8278 A.-P. Hyarinen et al.: Part 1: PM and BC concentrations

Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon
1 0.25 4
— 2006
1.0 1 —2007
2008
\‘ 0.20
05- ! I |
2 ’1 ©
= 015
L 06+ E
o | <
3 8 0.10-
Q 044 '
] — 2006 | \
02 — 2007 0.05 /\/ A
' 2008 \f ‘L)\\ 1W<\A
. —— 2009 l | V \ ‘ | Y
0.0 T T T T 0.00 T T T T
17 1.8 1.9 1.10 1.7 1.8 1.9 1.10
(@) Date (@ Date
Pre-monsoon Post-monsoon Pre-monsoon Post-monsoon
2008 2008
1.0 —— 2009 172009
0.20 4
0.8 4 1
. A < 0.5
S 06+ E ]
g 3
o Q 0.10
~ Q
E 0.4 - |
0.05- W
0.2 1
0.00 T T T T
0.0 i e s - 17 1.8 1.9 1.10
(b) ' " Date ' (b) Date

. . . Fig. 10. Fraction of equivalent black carbon (BCe) in BP§Imass.
Fig. 9. Fraction of P in PM;g mass.(a) Mukteshwar(b) Gual ‘Sa) Mukteshwar(b) Gual Pahari. Lines are 24 h running averages

Pahari. Lines are 24 h running averages from the monsoon seaso
%bm the monsoon season, box plots denote to the pre- and post-
box plots denote to the pre- and post-monsoon seasonal values Q

. . ) . . monsoon seasonal values of 10 %-ile, 25 %-ile, median (line), aver-
0/4- 0/4- 04- 0/f-
ﬁg %-ile, 25 %-ile, median (line), average (dot), 75 %-ile, and 90 % age (dot), 75 %-ile, and 90 %-ile.

The BCe concentrations in Mukteshwar and Gual Pahariand occur in the Himalayan foothills, too, during the pre-
may not be directly comparable, as BCe in Mukteshwar wasmonsoon season. The dominance of mineral dust in the high
measured from a Ppk inlet and in Gual Paharifroma P)d  concentration events observed here is backed by information
inlet. While typically around 90 % of the BCe mass is ac- that most of the events had a BMPM; g ratio of about 0.1—
counted in PMs (Putaud et al., 2004), we cannot rule out 0.2 indicating a dominant coarse mode from primary parti-
the possibility that Gual Pahari would be susceptible for pri-cles (Fig. 11). At Gual Pahari, a high mode at around 4 um
mary soot from e.g. incomplete combustion. In fact, this iswas seen simultaneously in the volume size distribution data
supported by the observed high BCe fraction in Gual Pahari(Hyvarinen et al., 2011). We further analyzed trajectories ar-

riving at the time of the high concentration episodes. In Muk-
3.5 High concentration episodes during the monsoon teshwar, these trajectories originated from two directions: the

Thar Desert in the Southwest, and from the Himalayan re-
As case studies, we characterize the peak concentrations dugion, east of the station (Fig. 12a and b). In Gual Pahari, the
ing the monsoon season and pinpoint possible sources relategpisodes with the Ps/PM;yo between 0.1-0.2 also origi-
to them. nated from Thar Desert (Fig. 12c). Itis notable that the high-

As already reported in the literature (Dey and Tripathi, est PMg concentrations during the monsoon season were
2008; Gautam et al., 2009, 2011; Ram et al., 2008, 2010)pbserved in Mukteshwar, not Gual Pahari. While the ac-
mineral dust events are frequent in the Indo Gangetic Plaingual reason for this is unknown, it is likely related to weather
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Table 4. Percentage of days exceeding the 24 hpRMuideline value set either by the Indian National Air Pollution Board or the WHO. In
addition the campaign averages are shown in ambient concentrations with and without the monsoon season.

Standard 24 hannual ~ National 60 pg e WHO 25pgnt3 | National 40ugm3  WHO 10 ugnt3

Days Outside During Outside During Average Average
exceeding monsoon monsoon monsoon  monspat time Nno monsoon
Mukteshwar 10% 0% 51% 269% 28pugnT3 3lugnts
Gual Pahari 87% 13% 99% 81% 111ugm3 133pugni3

Table 5. Percentage of days exceeding the 24 yBNuideline value set either by the National Air Pollution Board or the WHO. In addition
the campaign averages are shown in ambient concentrations with and without the monsoon season.

Standard 24 hannual ~ National 100 pg m WHO 50pgnt3 | National 60 ugm3  WHO 20 ugnt3

Days Outside During Outside During Average Average
exceeding monsoon monsoon monsoon  monspat time Nno monsoon
Mukteshwar 11% 2% 44% 199% 45ug nr3 51ugnt3
Gual Pahari 94 % 29% 99% 77 % 188 ug n13 227ugnr3
1000 - activities in nearby areas were also likely to contribute to the
. +Mukteshwar coarse fraction of these events.
9007 . x Gual Pahari
800 5 3.6 Comparison to health regulation standards
700 A
ool We compared the PM concentrations against health regula-
@ tion standards set by two quarters: the Indian Pollution Con-
§ 5007 trol Board and the World Health Organization. The 24 h and
S annual guidelines for Pkt and PM differ somewhat de-

pending on the governing body. In Mukteshwar, both2M
and PMg concentrations typically stay below the National
24 h air quality standards, and for BN during monsoon
season, no days exceeding this standard was found (Tables 4
|k ; A 4 el and 5). However, the 24 h guidelines set by the WHO were
000 010 020 030 040 050 060 070 080 080 1.00 not so easy to meet, which illustrates that even in this remote
PM, s/ PMy, site, aerosols would have adverse health effects. In Gual Pa-
hari, the situation was more alarming. The 24 h concentra-
Fig. 11. PM;o mass during the monsoon season as a function of thelions were below the National standards only really during
PM, 5/PMqq ratio. Concentrations are in STP conditions. the monsoon season, and even then the guidelines set by the
WHO were exceeded on most days.

We also analyzed the transition times in respect to BM
and rain patterns during the transport from the source are&ealth regulation levels. In Mukteshwar, the transition times
to the station. Another point worth mentioning is that the were short (2 to 10 days onset; 3 to 12 days withdrawal).
dust events occurred mostly before August. The monsoomhe WHO limit of 25 ug nt3 was exceeded in 78 % of the
rains typically begin in the Thar region in August, after which days during the pre-monsoon, 26 % during the monsoon and
the source strength of re-suspended dust naturally decreased9 % during the post-monsoon. The Indian National limits
In Gual Pahari, in addition to dust events, also events withwe exceeded in 23 % of the days in the pre-monsoon, 0 % of
PM_ 5/PMjg ratio between 0.4 and 0.7 occurred (see Fig. 11the days in the monsoon, and 13 % of the days in the post-
and Fig. 12d). These winding air masses advanced slowlymonsoon season. It is difficult to say anything definite about
and they all surpassed New Delhi. The higher fraction ofthe transition periods from the health regulation perspective
fine particles implies that particles were likely from anthro- due to the short transition times. It can be observed, however,
pogenic emissions. Re-suspended road dust and constructidhat directly after the onset transition period consecutive days

www.atmos-chem-phys.net/11/8271/2011/ Atmos. Chem. Phys., 11, 82822011



8280 A.-P. Hyarinen et al.: Part 1: PM and BC concentrations
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New Delhi.

exceeding the Indian National limit values were rare, while very similar: fraction of days exceeding the limit value was
before the transition, the 24 h limit values could be exceededetween 0 and 50 % at the beginning of the transition, and at
in more than 7 days in a row. A similar finding was made for the end of the transition, nearly every day exceeded the limit
the withdrawal transition in Mukteshwar. value.

In Gual Pahari, the transition times were longer (23 to 29 Finally, we looked to find how much the monsoon sea-
days onset; 17 to 31 days withdrawal). The WHO 24 bBM  son lowered the long term concentrations. While the lowered
limit was exceeded with only occasional exceptions through-concentrations brought breathing space temporarily, they did
out the year. The Indian National limit of 60 ugthwas  not affect the long term exposure that much. During our mea-
exceeded in 70 % of the days during the pre-monsoon, 13 %urements in Mukteshwar, the long term ambientBNv-
during the monsoon and 90 % during the post-monsoon. Aerage was 27.9 ugm™. Without the rainy season, this num-
the beginning of the onset transition period, the fraction ofber would have been 31.3 gt In Gual Pahari, the long
days exceeding the Indian National limit per week was be-term ambient PMs average was 111.3 pgm, and without
tween 60 to 100 %. During the transition period, this numberthe rainy season it would have been 132.6 g ifTable 4).
decreased steadily, and after the onset transition, only rar8imilar results were found for P} (Table 5). In Muktesh-
exceedings were observed. The withdrawal transition wasvar, the long term average was below the National annual
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