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Abstract

Aerosol particle number size distribution and chemical composition were measured at
two low altitude sites, one urban and one relatively pristine valley, in Central Nepal dur-
ing the 2009 pre-monsoon season (May—June). This is the first time that aerosol size
distribution and chemical composition were measured simultaneously at lower eleva-
tion in the Middle Himalayan region in Nepal. The aerosol size distribution was mea-
sured using a Scanning Mobility Particle Sizer (SMPS, 14~340nm), and the chemical
composition of the filter samples collected during the field campaign was analyzed in
the laboratory. Teflon membrane filters were used for ion chromatography (IC) and
water-soluble organic carbon and nitrogen analysis. Quartz fiber filters were used for
organic carbon and elemental carbon analysis. Multi-lognormal fits to the measured
aerosol size distribution indicated a consistent larger mode around 100 nm which is
usually the oldest, most processed background aerosol. The smaller mode was lo-
cated around 20 nm, which is indicative of fresh but not necessarily local aerosol. The
diurnal cycle of the aerosol number concentration showed the presence of two peaks
(early morning and evening), during the transitional period of boundary layer growth
and collapse. The increase in humber concentration during the peak period was ob-
served for the entire size distribution. Although the possible contribution of local emis-
sions in size ranges similar to the larger mode cannot be completely ruled out, another
plausible explanation is the mixing of aged elevated aerosol in the residual layer during
the morning period as suggested by previous studies. Similarly, the evening time con-
centration peaks when the boundary layer becomes shallow concurrent with increase
in local activity. A decrease in aerosol number concentration was observed during the
nighttime with the development of cold (downslope) mountain winds that force the low
level warmer air in the valley to rise. The mountain valley wind mechanisms induced by
the topography along with the valley geometry appear to have a strong control in the
diurnal cycle of the aerosol size distribution. During the sampling period, the chemical
composition of PM, 5 was dominated by organic matter at both sites. Organic carbon
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(OC) comprised the major fraction (64~68%) of the aerosol concentration followed by
ionic species (24~26% mainly SOi’ and NHZ). Elemental Carbon (EC) compromised
7~10% of the total composition. A large fraction of OC was found to be water soluble
(nearly 27% at both sites).

1 Introduction

The southern slopes of the Himalaya in Nepal encompass the Terai (flat plains), Siwa-
lik range (Churia hills) and the Middle mountain (Mahabharat range) region reaching
the High mountains. The Churia Hills are the outermost hills of the Himalayan system,
separating the inner deep valleys in the middle mountain range from the Terai (600 m in
elevation) and the Indian Gangetic Plain (IGP). These low altitude hills are cut through
by major tributaries to the Ganges such as the Koshi, the Narayani, the Rapti, and the
Karnali along with other small rivers mostly originating from the Himalayas. The val-
leys of these rivers create deep narrow pools for the accumulation of aerosols advected
into the region from the low lying Indian Gangetic Plains, modulating their spatial dis-
tribution along the Middle mountain region. This potentially has a strong effect on the
microphysics of orographic precipitation in this region by modulating the cloud con-
densation nuclei (CCN) spectrum (the so called indirect effect). Since both riming and
collision of water droplets following coalescence is prerequisite for efficient precipita-
tion (White et al., 2003; Lascaux et al., 2006; Rotunno and Houze, 2007), inhibition of
this cloud microphysical process due to increase in CCN concentration influences the
precipitation efficiency of the system (Barros and Lettenmaier, 1994; Rosenfeld and
Lensky, 1998; Khain et al., 2000; Ramanathan et al., 2001; Andreae et al., 2004; Tao
et al., 2007; Lau et al., 2008; and many others). In order to study the aerosol indirect
effect, a direct measurement of the CCN spectrum is required or, alternatively, it can be
estimated from observed aerosol size distribution and chemical composition. The latter
provides a strong physical basis to study the aerosol indirect effect as it links the CCN
spectrum to the observed aerosol size distribution and its physical properties (Razzaq
et al., 1998; Cohard et al., 2000; Khvorostyanov and Curry, 2006).
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Very few studies have been conducted to measure the aerosol size distribution in
Nepal, and most of those have been limited to very high altitude regions: lkegami
et al. (1978) measured the size spectrum of background aerosol observed at Shorong
Base Camp (Nepal, 4900 m), and Venzac et al. (2008) report on the aerosol size dis-
tribution (diameter range 10—700 nm) collected over the Khumbu Valley (5079 m). In
addition, Hindmann and Upadhyay (2002) measured condensation nuclei (CN) at dif-
ferent elevations (1300~5000 m), and suggested that valley winds may be responsible
for transporting pollution from the valley to the ridges. However, no field campaigns
were previously undertaken to measure the aerosol size distribution in the mid and
lower altitude ridge-valley regions, where orographic precipitation could be modulated
by the aerosol haze extending from the IGP.

The chemical composition of aerosol in the Himalayas has been studied in detalil
by Shrestha et al. (2000, 2002), Carrico et al. (2003), Stone et al. (2010). In particu-
lar, Shrestha et al. (2004) conducted a study of inorganic aerosol species at Phortse
(4100 ma.m.s.l.;27.351N 86.345E) and Jiri (1900 ma.m.s.l.; 27.338N 86.314E) that re-
vealed seasonal variations in the soluble inorganic component of aerosol which they at-
tributed to changes in atmospheric circulation. Carrico et al. (2003) conducted ground-
based measurements of chemical and optical properties of aerosols at two locations in
Nepal: Langtang 28.13° N, 85.60° E, 3920 m and Nagarkot, 27.72° N, 85.52° E, 2150 m.
Their study showed a prominent seasonal pattern associated with the Asian mon-
soon, featuring a peak aerosol concentration in February—May (pre-monsoon season).
They also attributed the seasonal variation in aerosol chemical properties to synop-
tic scale weather patterns: dry air masses brought by strong westerlies during the
pre-monsoon and the post monsoon seasons, and moist air masses transported by
weak southerly flow during the monsoon, suggesting that well mixed air masses affect
the ground based observations in both cases. The composition of aerosol reported
by Carrico et al. (2003) was dominated by organic matter, SOi‘, NH; and NO;, and
a substantial portion of the PM, ; mass was water insoluble and non-carbonaceous
(25~45%). Stone et al. (2010) reported similar results for organic matter, and the ratio
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of unidentified mass to the PM, ;s mass. The fraction of soluble ionic species along
with their chemical composition provides supplementary information in determining the
CCN characteristics, but little or no information is known about the aerosol size spec-
trum over these valleys from which preliminary estimates of CCN can be deduced. In
addition, due to the dominance of organic species, the soluble organic fraction will also
have important effect in correctly determining the CCN spectrum.

Here, we report on simultaneous ground measurements of aerosol size distribu-
tion along with the chemical composition of aerosols using Scanning Mobility Particle
Sizer (SMPS) and three different filters during the Joint Aerosol Monsoon Experiment
(JAMEX, May—June 2009) in Central Nepal. Two sites were selected for sampling:
the first site is relatively urban and near a large local source (Kathmandu Valley), the
second site is a remote small rural town at the bottom of the Marsyangdi river valley,
enroute to a popular Annapurna trekking trail. Data from these two sites permit in-
tercomparison of aerosol size distribution for very different local conditions to assess
the relative contribution of the locally generated aerosols and the IGP haze extending
into the region. In this manuscript, we present an analysis of the variability of the local
aerosol size distributions, major aerosol chemical components, including water-soluble
organic material. The observations are interpreted in the context of local meteorology
and the large scale circulation during the sampling period. The estimation of hygro-
scopic growth factors and the linkages of aerosol properties with CCN activation pa-
rameters will be addressed in a forthcoming paper. The manuscript is organized as
follows: Sect. 2 describes the selection of sites, field measurements and analysis de-
scription. Results are discussed in detail in Sect. 3. Finally, summary and conclusions
are presented in Sect. 4.

2 Experimental method

Earlier ground based measurements at different elevations on the southern slopes of
the Himalayan range revealed the occurrence of episodes of regional scale pollutant

15633

Jadedq uoissnosiq | Jadeq uoissnosigq |  Jadeq uoissnosiqg | Jaded uoissnosig

ACPD
10, 15629-15670, 2010

Pre-monsoon aerosol
in the
Nepal-Himalayas

P. Shrestha et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/15629/2010/acpd-10-15629-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/15629/2010/acpd-10-15629-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

transport from the low-lying Indian Gangetic Plain (IGP) and the development of south-
westerlies during the pre-monsoon season. However, ground based measurements
are always affected by local emissions (natural or anthropogenic) and long-range trans-
port cannot be easily distinguished from local sources. Conceptually, the ideal sam-
pling location should be remote, and the data should have a high signal to noise ratio,
where the signal would be the long range transport, and the noise would be the local
emission. However, such locations will also typically lack proper access roads, electric-
ity and other necessary utilities to conduct field experiments. Furthermore, such sites
also have their own natural variability: for example, Bonasoni et al. (2008) reported
locally suspended dust particles at a high altitude sampling site in Khumbu (5059 m).
In the study reported here, both locations are in populated areas.

Two sampling sites were chosen during this field experiment: one of the sites was
downwind of the largest city in Nepal, Kathmandu Valley, and the other one was at
the small town of Besisahar, a relatively remote location in Central Nepal. Both loca-
tions are influenced by the large scale transport of pollutants from the IGP and by local
sources, but the relative contributions of these should differ between the two sites. The
timing of the field experiment was based upon the exploratory data analysis of satellite
retrieved products from various sensors [e.g., Moderate Resolution Imaging Spectro-
radiometer (MODIS), Total Ozone Mapping Spectrometer (TOMS)], which shows that
the aerosol build up over this region coincides with the pre-monsoon season (March-
April-May), and is later washed away by the monsoon rain (June—September, hereafter
JJAS) (Shrestha and Barros, 2010).

Ground based measurements of aerosols were conducted during the months of
May—June, 2009. The urban site was located within the campus of Kathmandu Uni-
versity (KU), Dhulikhel (27.601° N, 85.538° E, 1510 m, hereafter referred to as Site A,
Fig. 1) and is 30 km southeast (downwind) of the Kathmandu Valley (approximately
more than 2 million inhabitants). The instrumentation at Site A was placed on the roof
top of a three storey building, surrounded by the premises of KU, an agricultural field
and playgrounds in the east, west and north and few residential buildings in the south.
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Another major city, Banepa is located approximately 2.5 km NW from the sampling site,
and a densely populated housing area is located on the eastern hillside, 1.3km from
the sampling site. Because Dhulikhel is downwind of Kathmandu Valley, the influence
of pollutants from the city is expected, and measurements are likely to represent a com-
bination of well mixed aerosols from Kathmandu and the broader regional background.
Regmi et al. (2003) indicated that the major surface winds in the Kathmandu Valley
are southwesterly and northwesterly, which merge into the westerly wind channeled
to Banepa Valley. During the night time and early morning, the Kathmandu Valley is
overlaid by a thick cold air pool at low elevations favored by the bowl shaped topogra-
phy of the high mountains (Regmi et al., 2003). Thus, any transport of pollutants from
the Kathmandu Valley to the sampling site at Kathmandu University is expected only
during day time.

The second location, Besisahar (28.232° N, 84.375° E, 786 m, hereafter Site B) is
a low lying narrow valley along the Marsyangdi river (Fig. 1) with approximated area
of 6.2km? and 42 km north of the main highway and a total population of 8616 (2001
census). The instrumentation at Site B was placed on the roof top of a two-storey
building surrounded by residential areas and agriculture fields (growing maize) in the
north, and in a close proximity to the hill on the south. The main local source of air
pollutants is from household cooking (using primarily wood, kerosene and gasoline as
fuel). Located in the Marsyangdi river valley oriented in N-S direction, Besisahar pro-
vides a relatively clean location to test the large scale transport of aerosols by southerly
winds during the pre-monsoon season.

2.1 Aerosol size distribution measurements

Aerosol size distribution was measured using SMPS with sizes in the range 14 nm—
340nm. The SMPS was run continuously from 14 May to 25 May at Site A, and from
28 May to 6 June in Site B. The SMPS consisted of a Differential Mobility Analyzer
(DMA, TSI model 3071) and a Condensation Particle Counter (CPC, TSI model 3010).
The DMA was operated in sheath recirculation mode, the flow being provided by an
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AMETEK Minispiral blower. The flow rate was monitored using a mass flowmeter (TSI
model 4140). The voltage was supplied to the DMAs by a high voltage power supply
(Bertan model 605C). Flow rates check and leak tests were performed daily.

The aerosol size distribution data were fitted with multi-mode lognormal functions.
One to four lognormal functions were used for each measured size distribution. The
fit criterion was chosen to satisfy a ,1'2 goodness of fit test at 5% significance level and
the lowest number of modes.

2.2 Filter sampling and analysis

Filter sampling was conducted from 5 May to 25 May at Site A and 28 May to 6 June
at Site B. Three parallel filter samples were collected over a nominal period of 12 h for
Site A (07:00a.m.~07:00p.m.) and 21 h for Site B (10:00 a.m.~07:00 a.m. next morn-
ing): teflon membrane for ion chromatography (IC), and water-soluble organic carbon
(WSOC) analyses, Quartz fiber for organic carbon (OC) and elemental carbon (EC),
and Polycarbonate membrane for Scanning Electron Microscopy (SEM) analysis. Filter
sampling duration was regularly interrupted by power outages at both sites, reducing
the actual sampling time, which was corrected based upon the data outage recorded
by the SMPS and the relative humidity (RH) sensors. The duration of each electricity
outage was on average 1.22+0.95h and 3.7+2.76 h per day for Sites A and B, respec-
tively. The filter collection system was arranged as follows: the air was collected at
2m above the surface through a Teflon-coated PM, 5 cyclone (URG Inc.). The flow
after the cyclone was split into three lines: 15L/min for the Teflon filter, 11 L/min for
the quartz fiber filter, and 2 L/min for the polycarbonate filter. Flow rates through the
three filter lines were controlled by three critical orifices (BGl Inc.). A shorter sample
duration (12 h) for Site A was used to avoid overloading the polycarbonate filters, which
may render them useless for SEM (Scanning Electron Microscope) analysis (the poly-
carbonate filters have not yet been analyzed at this time). The samples were shipped
between Nepal and the US in air-tight petridishes (along with dry ice) and kept frozen
before analysis.
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Teflon filters were extracted by placing them in 25 mL of double-dionized (18MW)
water and sonicated for one hour. The extract was split into two equal parts. One
part was used for determining the major inorganic aerosol species: Na*, NH;, K",
Ca2+, Mgz+, Cl, NO;, SOi' using cation and anion ion chromatographs (IC, both
Metrohm 761, the anion unit was equipped with a suppressor). The other part of the
extract was used for WSOC (Water Soluble Organic Carbon) and WSN (Water Soluble
Nitrogen) analysis using the high sensitivity TOC/TN analyzer (Shimadzu TOC-Vcsh).
Water Soluble Organic Nitrogen (WSON) was determined by subtracting the total nitro-
gen measured with the ICs from WSN measured with the TOC/TN. The details of the
organic nitrogen determination using measurements of the total and inorganic nitrogen
can be found in Lin et al. (2010). Since the TOC/TN instrument can not distinguish be-
tween water-soluble and water-insoluble components, the sample was filtered through
a 0.2 um pore Teflon membrane filter to remove water-insoluble particles.

Quartz-fiber filters were pre-baked in an oven at 500 °C for 12 h to remove carbona-
ceous contamination prior to shipment to Nepal. The Quartz fiber filters were analyzed
for organic carbon and elemental carbon content using a thermal-optical-transmission
technique (Turpin et al., 1990) and the Sunset Laboratories Thermal Optical Transmit-
tance (TOT) OC/EC (Organic Carbon/Elemental Carbon) analyzer was used. Blank
filter samples were also taken at both sampling sites and used for correcting all the
results obtained during the study.

2.3 Local meteorology

The local meteorological variables were measured simultaneously using a Vaisala
weather station (WXT500) at both the sites. Pressure, temperature, wind speed, wind
direction and precipitation were measured continuously during the sampling period at
intervals of 10 s and 5 min for Sites A and B, respectively.
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The 2009 monsoon advanced into Eastern Nepal on 23 June, thus delayed by
roughly two weeks according to the climatology and large part of the country remained
much drier and warmer than normal before the onset. The precipitation in the first week
of June was primarily due to the western disturbances which generally become weaker
and did not reach Nepal from the second week of June onward (Preliminary Weather
Summary of Nepal, June 2009: DHM, http://www.dhm.gov.np/).

3 Results
3.1 Local meteorology

The pattern of wind speed and direction observed at Site A indicates an inflow of
southerly air mass (probably associated with downslope mountain wind from the south-
ern hills) during thee night till early morning. After 09:00 a.m. the wind direction rotates
to become easterly (Fig. 2a). As the solar heating increases, the wind direction rotates
clockwise until it becomes westerly in the afternoon consistent with the local ridge-
valley circulations. The wind speed also reaches its diurnal maximum at this time. At
Site B, the flow is westerly ranging from south-westerly to north-westerly at night time.
During daytime, south-easterly flow develops from 09:00 a.m. to 04:00 p.m. with peak
wind speeds around noon (Fig. 2b). These wind patterns suggest that the day time
aerosol distribution is primarily affected by valley winds transporting air masses from
the plains, whereas at night, the cold winds flow downward from the hill tops on the
western flank of the sampling location.

There were periodic rainfall events observed at Site A associated with local thunder-
storms and western disturbances that bring rainfall to Nepal during the pre-monsoon
season (Barros et al. 2004). Figure 2c and d shows the daily accumulated rainfall for
Sites A and B, respectively. The heavy precipitation event during sampling at Site B in
the morning of 5 June was caused by a westerly disturbance (see Sect. 3.4).
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3.2 Aerosol size distribution
3.2.1 General characteristics

The aerosol size distribution at both sites exhibits significant variability on diurnal time
scales. Figures 3 and 4 show the time series of aerosol size distribution, total number
concentration, total volume concentration and geometric mean diameter for the entire
sampling periods at Sites A and B, respectively. The dates on the abscissa are marked
at mid-night local time (LT). Two distinct peaks (morning and evening hours) in the
number and volume concentration are present everyday for both sites. The aerosol
concentrations reach a daytime/nighttime minimum value in the afternoon and after
midnight, respectively, and the geometric mean of the size distribution also reaches its
daytime/nighttime maximum during these periods. A sharp decrease in aerosol num-
ber concentration is observed during the precipitation events (marked by square dots
in the abscissa). Gaps in the data continuity are due to electricity outages, when no
measurements could be made. The bulk statistics of the number and volume concen-
trations are presented for particle diameters (D,<30nm and D,>30nm) based upon
the location of observed larger and smaller mode, which will be discussed in further
detail in Sect. 3.2.2. The average total number concentration (+1 standard deviation)
of particles with diameter (D) between 30—-340 nm was 5334+3355 cm™ for the entire
sampling period at Site A. Note that the standard deviation is of the same order of mag-
nitude as the mean value, the coefficient of variation [CV=standard deviation/mean] is
very high, and therefore the information content of bulk statistics is limited at best. Nev-
ertheless, it is a standard reported in the literature, and thus it is reported here also.
The corresponding average total volume concentration was 8+4 um3 cm™3 (estimated
assuming spherical particles). For D,<30nm, the average total number concentration

at Site A was 850+1407cm™ (CV>1) suggesting a very high day to day variability
in Aitken mode particles. At Site B, the average total particle number and volume
concentrations for 30-340 nm were 75668013 cm™ and 7+6 pm> cm™, respectively.
The high variability in the reported mean concentrations for entire sampling period at
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both the sites is caused by the two diurnal peaks in the morning and evening hours,
so caution should be exercised in the use of these grand means; instead, a better
representative of aerosol concentration at both the sites is given by the diurnal cycle
discussed below.

At both locations. the observed peak periods take place when the wind speed is
calm during the boundary layer transition growth in the morning and the evening col-
lapse boundary layer collapse preceding the nocturnal stable layer. For Site B, during
the transition period, the wind veers from west to south in morning (changing from
downvalley to upvalley wind), and from south to west in evening (changing from up-
valley to downvalley wind) (Fig. 2b). At Site A, the wind direction changes from south
to east during the morning peak period with approximately southerly winds during the
evening peak. The change in wind direction takes place in the afternoon, from easterly
to more westerly (transporting aerosol from nearby cities, Banepa and the Kathmandu
Valley, further away) and then back to southerly (Fig. 2a). The number concentration
decreases as the wind speed starts to pick up during the daytime.

During the non-peak emission periods, the average total number concentration for
D,>30 nm was 40542602 cm™° and 3778+1043 cm™° at day time (10:00 to 17:00LT)
and night time (23:00 to 04:00LT), respectively. Although the night time mean con-
centration of D,<30nm was low (163 cm'3), the day time mean concentration was

still high and exhibited a strong variability (1261+1971 cm'3) suggesting a higher in-
fluence of Aitken mode particles throughout the day at Site A. The strong presence
of Aitken mode particles during day time resulted in lower geometric mean diame-
ter of 74 nm which steadily increased to 96 nm at night (Fig. 3d). The correspond-
ing total volume concentrations were 6+3 um3 cm™ and 7+2 um‘o’ cm™3, respectively.
For Site B, the average number concentration for Dp230 nm was 3931+2856cm™°
and 2252+803cm ™, respectively for day time (10:00 to 17:00LT) and night time
(23:00 to 04:00LT). The corresponding volume concentrations were 5+3 um3 cm™3
and 4+2 um3 cm_s, respectively. The geometric mean diameter increases from 78 nm
(daytime) to 99nm (night time) suggesting a decrease in Aitken mode particles
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(Fig. 4d). The nighttime mean total aerosol number concentration for D,<30 nm was

59+76.cm™° and 545:&9130m'3, respectively. Earlier, Komppula et al. (2009) reported
mean aerosol concentration of 4290 cm™> during the month of March—-May at a re-
mote location with minimal local emission (Mukteshwar, India), adjacent to the south-
western border of Nepal. Their mean concentration is lower compared to the observed
mean for the whole sampling period at both sites in this study. This is primarily due
to observed peaks in the morning and evening and the daytime/nighttime average are
comparable and even lower than the seasonal mean total concentrations at Muktesh-
war, India. Venzac et al. (2008) reported an average concentration of 560+160 cm™3
around 03:00a.m. to 08:00 a.m. LTthroughout the measuring period in pre-monsoon
season at the Himalayan Nepal Climate Observatory at Pyramid (NCO-P) site in the
Khumbu Valley (5079 m) but the mean seasonal values peaked at 2000 cm™3 during
day time. In this study, we also found lower concentration of aerosol at night time at
both sites (11:00 p.m. to 04:00a.m.). The night time mean concentrations at Site A
and B are, respectively 7 and 4 times the measured mean concentration during night
time at NCO-P, which represents more of a tropospheric background.

Figure 5a, b shows the mean aerosol size distribution for the entire sampling period,
including day and night time at both sites. Interestingly, Site B (rural) has a higher
grand mean aerosol number concentration compared to Site A (urban), but the night
time aerosol at Site B has a relatively lower concentration compared to Site A. The
number concentration of the day time mean distribution at Site B for particles below
100 nm is much smaller than that at Site A, which exhibits high mean values below the
accumulation mode. The higher aerosol number concentrations measured during the
peak periods at Site B compared to Site A could be due to lower mixing associated
with the narrow width and small cross-sectional area in the N-S oriented Marsyangdi
river valley (Fig. 5d) during the transition periods of boundary layer growth in the early
morning and boundary layer collapse in the evening as compared to the much wider
bowl shaped landform of the Kathmandu Valley (Fig. 5c). It is also possible that there
may be some localized influence at site B during traditional cooking hours due to the
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relatively higher density of the residential housing near the sampling station, which
coincide with the timing of peak concentrations. Nevertheless, because of the narrow
width and orientation of the Marsyangdi valley at Besisahar (site B), the diurnal cycle of
mountain-valley circulations is very consistent at this locations independently of large-
scale conditions (Barros and Lang, 2002), suggesting that this location is suitable for
monitoring the influence of aerosol transport from the IGP to the inner regions of the
Himalayas.

The measured aerosol size distribution was fitted with multi-lognormal distributions
and a Pearson Chi Square test with a=0.05 was used to select the distribution with
,1/2 value less than the y., and the lowest number of modes. Figure 6a,b shows the
frequency of occurrence of distributions with different number of lognormal modes for
the observation period at Sites A and B, respectively. Bimodal distributions were most
frequent, comprising 53% (Site A) and 45% (Site B) of observations. Unimodal distri-
butions occurred 26% of the time at Site A and 34% of the time at Site B. The frequency
of the trimodal distributions was higher at Site A (13%) compared to Site B (8%). How-
ever, the frequency of distributions with number of modes greater than three is higher
at Site B (12%) compared to Site A (6%). That is, there is less modal variability at the
urban Site A, than at the remote Site B. Overall, the fitted distributions exhibit a con-
sistent dominant larger mode around 100 nm at both sites, which is indicative of the
most processed background aerosol (Fig. 6¢,d) upon which the smaller modes are su-
perimposed whenever present. The dominant smaller mode is located around 20 nm,
and could be due to local or less processed background aerosol. The two dominant
modes identified in this study are close to those identified by Venzac et al. (2008) and
Komppula et al. (2009).

3.2.2 Diurnal cycle

The significant variability in aerosol size distribution observed on diurnal time scales
along with consistent diurnal wind profile motivated us to further analyze the data in
the diurnal sense. Figure 7a, b shows the composite diurnal cycle of the fitted aerosol
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size distributions for Site A and Site B, respectively. Again, a consistent diurnal pattern
of modal distribution is observed at Site B compared to Site A. The higher frequency
of unimodal distributions at Site B compared to Site A can be attributed to the near
absence of the bimodal distribution between midnight and early morning. Indeed, the
diurnal cycle of unimodal distributions shows that they are dominant only at nighttime
(11:00 p.m. to 04:00 a.m. local time) at both sites (Fig. 7a ,b). Bimodal distributions are
the dominant mode during daytime (10:00 a.m. to 05:00 p.m. at Site B and 07:00a.m. to
10:00a.m. and 12:00 p.m. to 09:00 p.m. at Site A). The diurnal cycle of multimodal dis-
tributions (number of modes >3) indicates two distinct aerosol peaks, one in the morn-
ing (05:00a.m. to 10:00 a.m. local time) and the other in evening hours (05:00 p.m. to
08:00 p.m.) for Site B. These time periods coincide with the transition period of bound-
ary layer growth and collapse as discussed earlier. Likewise, the composite diurnal
cycle of the total number concentration over the sampling periods for Site A and Site B
clearly displays these distinct peaks (Fig. 7c ,d). Both sampling sites exhibit a strong in-
crease in number concentration in the morning (05:00~10:00 a.m.) and in the evening
(05:00~10:00 p.m.). Similar increase in particle number concentration was observed
by Rissler et al. (2006) for particle diameters less than 25 nm at a pasture site in South-
western Amazon region (Rondonia). In their study, the peak concentrations were ob-
served from 04:00 a.m. to 08:00 a.m. in the morning and 05:00 p.m. to 11:00 p.m. in the
evening. However, the number concentration for particle diameters (D,>30nm) de-
creased during the daytime reaching a minimum value and then increased till midnight
and become stable till early morning. In this study, an increase in nhumber concen-
trations were observed for particle diameters (D,<30nm) as well as for (D,>30 nm).
Figure 7c ,d shows that the contribution to the total number concentration during the
peak periods is higher for D;>30 nm than D,<30 nm. The observed peak in D;>30nm
in early morning could be related to mixing of elevated and aged background aerosol
which remain aloft in the residual layer during the morning (Rissler et al., 2006; Panday
and Prinn, 2009) which would increase the number concentration of larger mode. As
the boundary layer develops during the day time, the total concentration (D,>30nm)
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drops and tends to approach a minimum around 02:00~03:00 p.m. The second peak in
the evening for (D,>30 nm) is associated with the decrease in the height of the bound-
ary layer as the nocturnal stable layer forms, thus naturally favoring the increase in the
concentration of the larger modes. Furthermore, the possibility of local emissions in the
particle size range of the larger accumulation mode, especially during the peak periods
cannot be neglected also. As the nocturnal stable layer forms at night, one would ex-
pect the concentrations to increase in the night as well, but katabatic winds developing
in the night time elevate the warm air mass in the valley, resulting in the decrease of
the aerosol number concentration near the surface. Topography plays therefore an im-
portant indirect role in modulating the diurnal cycle of low-level aerosol concentrations
in the Central Himalaya by modulating low level winds.

The magnitudes of the diurnal peaks at Site B are significantly larger than at Site A
(Fig. 7c, f), and the increase for number concentrations for D,<30 nm (Site B: increases

from 50 cm™ to 3000 cm'3; Site A: increases from 100 cm ™ to 2000 cm'3). The larger
diurnal peaks at Site B is explained by the weak mixing due to the narrow cross-section
of the valley. The peaks dissipate during daytime at Site B approaching a local min-
imum around 02:00~03:00a.m. At Site A, the daytime total number concentration
(D,<30nm) exhibits a strong short-term variability, which was found to be associated
with the variable wind during the daytime. This high variability in daytime distribution is
absent at Site B due to strong topographic control in creating strong ridge-valley circu-
lations and therefore a consistent diurnal wind profile, suggesting that the local sources
do not affect Site B much in the afternoon, while they do in Site A. During peak times,
the geometric mean diameter of the aerosol size distribution also decreases (Fig. 7g—h)
more visibly at Site B (100 nm to 70 nm). High variability in geometric mean diameter
at Site A during daytime corresponds to high variability in the total particle number
concentration of Aitken mode particles as discussed above. Otherwise, the geometric
mean diameter at both sites is consistent during the night time (from midnight to early
morning) and approaches similar values during the mid-afternoon, when the number
concentration approaches its minimum.
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Based upon the above observed strong diurnal cycle of aerosol size distribution, the
parameters of the fitted distributions were classified into night time average (11:00 p.m.
to 04:00a.m.), daytime average (10:00a.m. to 05:00 p.m.), and transition period av-
erage (05:00a.m. to 10:00a.m. and 05:00p.m. to 11:00p.m.). A summary of the
distribution parameters is presented in Table 1. As discussed above, both sites ex-
hibit a consistent mode at 100 nm when either unimodal or bimodal distributions are
dominant during the non-peak periods suggesting that it corresponds to the regional
background mode. The other smaller accumulation mode is superimposed upon it,
whenever present.

3.3 Aerosol composition

At both the sites, PM, 5 chemical composition is dominated by organic carbon, and
the ionic composition was dominated by SOi_ and NH:.rr (Fig. 8). Similar observations
was made by Carrico et al. (2003) at Nagarkot (27.72° N, 85.52° E, 2150 m), a hilltop
location northwest of Site A. The statistics of mean concentration (xone standard de-
viation) of the ionic species, organic compounds, water soluble organic compounds
and elemental carbon are summarized in Table 2. Note that, since the sampling pe-
riod and sampling hours were different, caution should be exercised in comparing the
average concentrations at the two sites. For example, the average concentration at
Site B is biased high due to very high concentrations on 3 June (Fig. 9) during a haze
episode in the IGP observed from the MODIS Terra 250 m resolution images as well
as ground based observations (see further discussion in Sect. 3.3). The measured
concentration of dominant ionic species (NHZ and SOi’) before and after the pollution
episodes at Site B are within 5% of the mean values reported by Carrico et al. (2003)
for peak season (February—May) during 1999~2000 at Langtang (28.13°N, 85.6°E,
3920 m), a high altitude pristine location. During the pollution episode at Site B, the
ionic species concentration increases four fold, with magnitudes dominated by SOi'
and NH:{ concentrations (Fig. 10b). Similar rise in concentration of aerosol species was
also observed at Site A, which coincided with synoptic scale haze episodes observed
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over the IGP (MODIS Rapid Response Image Subsets over Nepal). Synoptic scale
haze was observed on 4, 6, 10, 15, 17 and 22 May 2009 during the sampling period
at Site A (Fig. 10a). The observations are based upon 250 m resolution images from
Terra (approximately around 10:00 a.m.

,LT). The measured daytime concentration of dominant ionic species (NHZ and SOi_)
at Site A is less than 30% of the mean values reported by Carrico et al. (2003) in
a nearby location at Nagarkot. The average daytime OC (Organic carbon) concen-
tration measured at Site A (11 ug/m3) is significantly higher than the monthly aver-
age concentrations (3.27 ug/m3) reported by Stone et al. (2010) at Godavari (27.59° N,
85.31°E, 1600 m, south of Kathmandu Valley) during May of 2006 but less than 30%
of the mean value (February—May 1999) reported by Carrico et al. (2003) at Nagarkot.
These observations show there is large spatial variability in the relative chemical com-
position of aerosol, though the chemical composition per se is stable.

The light absorbing properties of EC (Elemental Carbon) play a crucial role in atmo-
sphere heating and surface cooling and hence are relevant to the radiative properties
of aerosols (Ramanathan et al., 2007). The average EC concentration at Sites A and B
are 1.69+0.62 ug/m3 and 1.1+0.39 ug/ms, respectively. The mean EC/OC ratio for
Sites A and B were 0.15+0.05 and 0.11+0.01, respectively (Fig. 11). These ratios are
much smaller than previously reported values of 0.5+0.3 by Venkataraman et al. (2002)
for Bombay, India during February—March 1999. The mean fractions of WSOC/OC for
Sites A and B were very similar at 0.27+0.12 and 0.26+0.05, respectively. Previous
studies by Facchini et al. (1999), Mayol-Bracero et al., (2002), Ervens et al. (2005),
Mircea et al. (2005), Decesari et al. (2005) have shown that large fractions of WSOC
can potentially influence the aerosol hygroscopic growth and activation. The domi-
nance of particulate organic matter in the PM, 5 filter samples, and high WSOC/OC
ratios at both sites in this study suggest possible influence of WSOC in the CCN acti-
vation for this region.
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The total nitrogen concentration (TN) was also measured during the filter analysis.
The water soluble organic nitrogen (WSON) was estimated from TN by subtracting the
inorganic nitrogen concentration. The WSON concentrations were 1.30+0.51 ug/m3
and 1.10+0.39 ug/m3 for Sites A and B, respectively (Fig. 12). The WSON/TN fraction
was 0.32+0.10 for Site A, and 0.28+0.05 for Site B. Data on this aerosol component
are very scarce in the literature. It is interesting to note that the few studies around
the world report similar WSON/TN ratios: WSON was shown to account for 30% of to-
tal particulate nitrogen mass in Beijing, China (Duan et al., 2009); WSON compounds
were estimated to contribute 18% to PM, 5 mass in Davis, California (Zhang et al.,
2002); 19-25% of total aerosol nitrogen in Cape Grim, Australia (Mace et al., 2003);
and approximately 33% of the total nitrogen in Chapel Hill, NC, USA (Lin et al., 2010).
This evidence shows that organic nitrogen compounds may constitute a significant frac-
tion of the aerosol nitrogen budget with significant implications for the aerosol chemistry
and nutrient deposition to ecosystems.

For Site B, there was only one strong precipitation event in the morning of 5 June
(Fig. 2d) during the sampling period. Rainfall washed out the low level aerosol which
is reflected by the decrease in the concentrations of all the analyzed species at the
same time. The differences in the observed daily variability in the aerosol concentra-
tions at Site A compared to Site B are explained by the wash out due to such periodic
precipitation events (Fig. 2c). During the subsequent dry periods, the aerosol concen-
tration tends to increase in the days after rainfall(for example, 5~7 May, 13~15 May,
17~19 May and 22~23 May, Fig. 9a), indicating accumulation in the valley. These peri-
ods also coincide with the presence of synoptic scale haze as discussed above. Aryal
et al. (2009) also discusses these accumulation effects for PM, 5 measured in the Kath-
mandu Valley for winter months caused by stagnant wind and temperature inversions.
The observations from Site A in this study indicate that such accumulation effects are
also present for Site A during the pre-monsoon season.
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3.4 Regional influence on aerosol spectra

On 3 June 2009, visible haze was observed in the south and south-east direction from
the sampling site indicating transport of pollutants from the IGP (as observed from
MODIS Terra 250 m resolution images, not shown here). The steady increase in the
concentration of all the analyzed species over that period also suggests the presence
of non-local pollutants. A precipitation event on 5 June washed away this effect. Fig-
ure 2b shows the typical diurnal wind profile at Site B. Up-Valley wind strengthens
from 09:00 a.m. to 02:00 p.m. in the afternoon, and then begins to weaken afterwards
with the onset of downslope in the late afternoon as mountain downslope winds begin
to establish (north-westerly flow). The vertical profiles of wind from radiosonde data
at lower levels (850~900 mb) in Besisahar during June 1999 reported by Barros and
Lang (2003) also show the presence of north-westerly mountain wind from mid-night
to morning, which transitions to up-valley wind around 09:00 a.m. in the morning that
strengthens during the daytime. These observations are consistent with the descriptive
models provided by Defant (1949, 1951), Vergeiner and Dreiseitl (1987), Rampanelli
et al. (2004), Mcnider et al. (1984) for mountain valley circulations in narrow valleys.
Therefore, mountain valley wind mechanisms can be expected to play an important
role in transporting the pollutants further inwards into the inner Himalayan region from
the low lying plains.

At the synoptic scale, 500 mb geopotential height data from ERA Interim (ECMWF’s
latest global atmospheric reanalysis product) show that the development of low pres-
sure systems above Afghanistan cause westerly flow above Nepal which veers north-
westerly (Fig. 13). Shrestha et al. (2000) noted a rise in aerosol concentration at
4000 m elevation site when the 500 hPa flow became south-westerly. The 900 hPa
geopotential height from ERA Interim shows well developed south-westerly flow from
the Arabian sea, through the Thar desert, then flowing parallel to the Himalayan range.
The flow appears to be stagnant around the India—Nepal border on the IGP as it meets
opposing flow from the Bay of Bengal. Coinciding with the synoptic scale flows, the
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MODIS satellite images captured a well developed haze event along the IGP adjoining
Nepal and in the inner river valleys pockets of Nepal on 3-5 June. During this period,
the SMPS data show a shift in the minimum total volume concentration to a higher value
(Fig. 4c) accompanied by an increase in the geometric mean diameter (Fig. 4d). The
precipitation event in the morning of 5 June (Fig. 2d) washed away the haze build-up in
the previous 3 days, which is also reflected in the SMPS data (drop in max geometric
mean diameter along with the minimum total volume concentration). Therefore, over
a specific time window, this variability in the aerosol size distribution along with the
increase in concentrations of analyzed species can be attributed to the influence of
broader regional scale aerosol transport. The ERA Interim data at its coarse resolution
cannot resolve the detailed wind fields in the inner regions of complex terrain proper
but observed surface wind profiles suggests the transport of pollutants along the river
valleys of Nepal from the southern lower plains via mountain-valley wind mechanisms
(Zangl et al., 2000; Barros and Lang, 2003).

4 Summary and conclusion

Although the sampling period was short, the combination of aerosol size distribution
and chemical composition sampled in Dhulikhel (Site A) and Besisahar (Site B) pro-
vides the first picture of the aerosol distribution in this hilly region. Both sites exhibit
a strong diurnal cycle with aerosol peaks both for (D,<30nm and D,>30nm) during
the morning and evening hours. The aerosol peaks are associated with the transient
stage of boundary layer growth and decay processes, when the wind is weak. Further,
this period also coincides with the peak in local household activities. The diurnal cycle
of the measured aerosol concentration shows strong linkages to the topography of the
sampling site due to the modulating effects of mountain-valley winds and ridge-valley
circulation mechanisms. The total number concentration/geometric mean diameter
for both sites approached a minimum/maximum during the afternoon coinciding with
the nighttime number concentration/geometric mean size. The classification of the
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lognormal fittings of the aerosol distributions indicated the predominance of unimodal
distribution in the night, whereas the bimodal distribution was mostly dominant during
the daytime. The fitted distributions indicated a consistent larger mode around 100 nm
which is usually the oldest, most processed background aerosol. The smaller mode
was centered around 20 nm, which suggests the presence of fresh aerosol, though not
necessarily local.

The chemical composition of PM, 5 is dominated by organic matter at both sites.
Organic carbon comprises the major fraction (64~68%) of the aerosol concentration
followed by ionic species (24~26% mainly SOi' and NHZ). Elemental carbon compro-
mised 7~10% of the total composition. A large fraction of OC was also found to be
water soluble (nearly 27% at both sites). The variability in the aerosol concentration
over Site A was found to be strongly correlated with the periodic precipitation events
and the presence of synoptic scale haze. A strong decrease in aerosol concentra-
tion after rainy days is consistent with the scavenging role of precipitation. During the
sampling period at Site B, a single large scale pollution episode was observed which
resulted in the increase of all analyzed aerosol species. The synoptic scale wind dur-
ing that period, along with the observed diurnal profile of surface wind, suggests that
daytime upvalley wind might be responsible for transporting aerosols from the low ly-
ing plains to the inner valleys of the Central Himalayas, and potentially to the Tibetan
Plateau.
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Table 1. Parameters of the multi-lognormal fits for the measured aerosol size distribution.

Mode N(m™3) GM(mm) G.Std(hm) N(m™) GM(nm) G.Std(hm) N(m™>) GM(nm) G.Std(nm)
Night time average Day time average Transition period average
SITE A (11:00 p.m.~04:00a.m.) (10:00 a.m.~05:00 p.m.) (05:00a.m.~10:00a.m.)
and 05:00 p.m.~11:00 p.m.)
Unimodal 147+47 10147 0.65+0.03 88+45 93+11  0.67+0.03 265+120 8549 0.67+0.03
Bimodal  152+41 10648 0.59+0.05  123+54 10517 0.64+0.07 237+117 91x12  0.65+0.05
20+13 27+16  0.54+0.13 76+116 28+15  0.55+0.15 47+118 22+11 0.52+0.13
Trimodal 105+60 117+60 0.61+0.08 162+88 110+18 0.61+0.08
148+124  48+26 0.47+0.15 162+94 53+18  0.49+0.13
96+£112 1749 0.41+0.21 46+60 21£10 0.33+0.15
Night time average Day time average Transition period average
SITEB (11:00 p.m.~04:00a.m.) (10:00 2.m.~05:00 p.m.) (05:00a2.m.~10:00a.m.)
and 05:00 p.m.~11:00 p.m.)
Unimodal 87+34 106+13 0.6+0.04 143148 89+17  0.66+0.03 238+171 84+14  0.65+0.04
Bimodal 122+35 103+13  0.55+0.04 133154 97+17  0.6+0.06 386242 80+12  0.62+0.05
18+11 20+23 0.61+0.14 30+£32 23+15 0.5+0.14 51+114 19+10 0.47+0.14
Trimodal 94+55 123425 0.56+0.07 305+177 95+15  0.62+0.1
941102 63+24  0.48+0.15 310+189  55+15  0.48+0.13
47+90 19+10  0.43+0.21 67+132 218 0.31+0.13
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Table 2. lonic and organic concentrations of aerosols sampled in Dhulikhel and Besisahar
during the late pre-monsoon season 2009. All units are in ug/ms.

Dhulikhel Besisahar
Na* 0.02:+0.027 0.014:+0.024
NH; 1.12+0.47 0.87+0.58
K* 0.37+0.28 0.36+0.28
ca? 0.0021+0.0012  0.0012+0.001
cr 0.30+0.85 0.00+0.00
o) 2.68+1.28 2.21+1.32
C,0;  0.31x0.15 0.22+0.12
WSON  0.43+0.24 0.27+0.19
ocC 11.09+2.49 10.18+2.76
EC 1.69+0.62 1.10+0.39
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Fig. 1. Sampling locations: Site A (Dhulikhel), Site B (Besisahar) and the square mark indicates
the Kathmandu Valley (KTM). Elevation contours are plotted at following levels: 500, 1000,
1500, 2000, 4000, 5000 m. The elevation data was downloaded from the USGS gtopo30 data.
The inset pictures of Site B and Site A taken further away from the sampling location points
towards west and south direction, respectively. Scattered residential area along with some
agriculture fields can be seen in Site B. The Site A shows only Kathmandu University which is
actually surrounded by Dhulikhel city in east and Banepa Valley in west, with the cascades of
hills on the south.
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a) Diurnal Wind Speed [Site A]
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Fig. 2. Local meteorological variables measured during sampling: (a and b) Diurnal wind
speed and wind direction at Sites A and B, respectively. The red-dots are the outliers which
have a value more than 1.5 times the interquartile range away from the top and bottom of the
box, (¢ and d) daily accumulated precipitation at Site A and Site B, respectively.
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Fig. 2. Continued.
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Fig. 4. Diurnal evolution of dry air size distribution for Site B (Besisahar). (a) 2-D dry size distribution; (b) total - g
number concentration (cm's); (c) total volume concentration (nm3 cm_a); (d) geometric mean diameter (nm). The %
discontinuity in the data is associated with electricity outages The square dots (black/blue) at the bottom axis indicates @
the precipitation events.
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Fig. 5. Mean aerosol size distribution for the whole sampling period (a) Site A and (b) Site B.
All represents the whole samples. Day represents the sampling done from 10:00~17:00 LT and
Night represents sampling period from 23:00~04:00 LT. The windows used for day and night
period filters out the sampling of locally emissions. (¢ and d) Topographic relief of sampling
stations at Site A and Site B, respectively, showing the narrow N-S oriented river valley of
Site B compared to relatively wider open area of Site A, surrounded by series of small hills.
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Fig. 6. (a and b) Modal distribution for dry aerosol size distribution. Multi-lognormal distribution
was used to fit the observed spectra and chi2 test was used to choose the distribution with
lowest number of modes with alpha=0.05. (¢ and d) Time evolution of fitted lognormal modes
(geometric mean diameter of each mode).
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Fig. 7. (a and b) Diurnal evolution of fitted multi-lognormal distributions over the entire sampling
period. (¢ and f) Composite diurnal cycle of the measured total number concentrations at
diameter ranges (<30nm and >30nm) for the entire sampling period. (g and h) Composite
diurnal cycle of the geometric mean diameter of measured aerosol size distribution.
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Fig. 8. Comparison of measured elemental carbon, organic carbon and ionic composition of
PM, 5 at Site A (left) and Site B (right) during the pre-monsoon season.
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Fig. 9. Daily composition of PM, 5 in terms of organic carbon (OC), ionic compounds (IN) and
elemental carbon (EC) for Site A (a) and Site B (b). The sudden peak in concentration at Site B
is linked with a large scale pollution episode.
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Fig. 10. Daily composition of major PM, 5 ionic compounds for Site A (a) and Site B (b). The

ionic species was dominated by NH, and SOi‘ at both sites with lower mean concentrations at
Site B. The peak in the ionic concentrations is associated with the presence of synoptic scale
pollution episodes.
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Fig. 11. Daily ratio of water soluble organic carbon (WSOC/OC) and elemental carbon to
organic carbon (EC/OC) for Site A (a) and Site B (b). The EC/OC ratio was lower in Site B

compared to Site A.
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Fig. 12. Daily composition of water soluble organic nitrogen (WSON) Site A (a) and Site B (b).
Similar peak in WSON concentration is also observed for Site B associated with pollution

episode.
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Fig. 13. Regional scale wind flow pattern during the sampling period at Besisahar at (a) 500 mb
and (b) 900 mb. The circular dots represent the two sampling sites. Note the relatively stagnant
flow as the synoptic wind (900 mb) approaches the southern outermost foothills of Himalayas
along the Nepal India border. Geopotential heights (m) and horizontal winds (m/s) were ob-
tained from ERA Interim dataset.
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