Asia-Pac. J. Atmos. Sci., 52(1), 63-75, 2016
DOI:10.1007/s13143-016-0002-3

pISSN 1976-7633 / eISSN 1976-7951

Diurnal and Seasonal Variations of Meteorology and Aerosol Concentrations in the
Foothills of the Nepal Himalayas (Nagarkot: 1,900 m asl)

Rudra K. Shrestha'?, Martin W. Gallagher', and Paul J. Connolly'

!Centre for Atmospheric Science, School of Earth, Atmospheric and Environmental Sciences, The University of Manchester, Manchester, UK
Sustainable Consumption Institute (SCI), The University of Manchester, Manchester, UK

(Manuscript received 2 June 2015; accepted 11 February 2016)
© The Korean Meteorological Society and Springer 2016

Abstract: A 10-months long monitoring experiment to investigate
the diurnal and seasonal variation of aerosol size distribution at
Nagarkot (1,900 m asl) in the Kathmadu Valley was carried out as
part of a study on katabatic and anabatic influence on pollution
dispersion mechanisms. Seasonal means show total aerosol number
concentration was highest during post-monsoon season (775 + 417
ecm™) followed by pre-monsoon (644 + 429 cm™) and monsoon
(293 £ 205 cm™) periods. Fine particle concentration (0.25 um < D,,
< 2.5 um) dominated in all seasons, however, contribution by coarse
particles (3.0 um < D, < 10.0 um) is more significant in the monsoon
season with contributions from particles larger than 10.0 pm being
negligible. Our results show a regular diurnal pattern of aerosol
concentration in the valley with a morning and an evening peak. The
daily twin peaks are attributed to calm conditions followed by
transitional growth and break down of the valley boundary layer
below. The peaks are generally associated with enhancement of the
coarse particle fraction. The evening peak is generally higher than
the morning peak, and is caused by fresh evening pollution from the
valley associated with increased local activities coupled with re-
circulation of these trapped pollutants. Relatively clean air masses
from neighbouring valleys contribute to the smaller morning peak.
Gap flows through the western passes of the Kathmandu Valley,
which sweep away the valley pollutants towards the eastern passes
modulated by the mountain - valley wind system, are mainly
responsible for the dominant pollutant circulation patterns exhibited
within the valley.

Key words: Himalayas, aerosol, Kathmandu Valley, mountain-valley
circulation

1. Introduction

Urban air pollution is a major concern in the developing
world due to its potential effects on air quality, human health
and consequences for regional climate change (Akimoto, 2003;
Kan and Chen, 2004; Liao et al., 2015). Such effects are be-
coming increasingly pronounced in the rapidly developing
region of Nepal (Hindman and Upadhayay, 2002; Panday and
Prinn, 2009; Gurung and Bell, 2013), and in particular the
Kathmandu Valley where population growth and urbanization
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has shown dramatic rises (Thapa and Murayama, 2011). There
is limited published literature available on air pollution
characteristics within the Kathmandu Valley, but it will be
useful to briefly review this in context with current concerns.

The mountain - valley wind system and monsoon rainfall are
considered as major drivers in controlling pollutant circulation
and dispersion in the Himalayan region (Nakajima, 1976;
Shrestha et al., 2000; Shrestha et al., 2002; Shrestha et al.,
2010; Panday and Prinn, 2009). In mountain - valley terrain,
daytime anabatic winds generally transport pollutants within
the valley to higher altitude whilst katabatic winds re-circulate
them during the night. This mechanism has been well do-
cumented in the Sierra-Nevada Mountains and Great Basin, in
the USA (Kim and Stockwell, 2007) and also in the Lower
Fraser Valley of British Columbia, Canada (Martilli and Steyn,
2004). Furthermore, scavenging of aerosol particles by rainfall
could play a significant role in washing out pollutants (Radke
et al., 1980; Saha and Moorthy, 2004; Min et al., 2005; Guo et
al., 2015). Similar processes can be expected in the Kathmandu
Valley which the study here is a part of. A number of studies
have highlighted the role of complex topography and associated
circulation patterns in the transport of aerosols in mountainous
terrain (Beniston, 1987; Whiteman, 2000; Gautam et al., 2011;
Grigoras et al., 2012) since aerosol dispersion in such regions
is significantly different compared to others (Reid, 1978). In
complex terrain, pollutants can often be trapped within a valley
(Segal et al., 1988; Brulfert et al., 2006) for sustained periods,
localising their properties and impacts and these may be
particularly acute in the Nepalese Himalayas (Shrestha et al.,
2010), however, explicit understanding requires more in situ
observations.

Effective monitoring of atmospheric aerosols and meteor-
ology at mid and high altitude locations in topographically
complex regions such as Nepal provides insight into potential
climate impact responses to air pollution and important
hydrological feedbacks. Since local topographic variation can
often result in locally unique circulation patterns (Miao et al.,
2015) and interplay between pollutant emissions and transport,
long term monitoring is required. This is particularly true of
the Kathmandu Valley where, due to the extremely large
altitudinal variation, general theory and findings from else-
where may not be fully transferrable (Panday, 2006). Hence, in
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this paper we aim to provide initial information and insight on
the seasonal and diurnal characteristics of aerosol number con-
centration and size distribution in the mid-hill region of Nepal.

Previous aerosol measurements in Nepal have focused on
the high altitude regions where local anthropogenic aerosol
emissions are almost negligible due to low population density.
These experiments have focused on chemical composition and
mass concentration. However, aerosol number and size distri-
bution, an important parameter, e.g. to model aerosol - cloud -
precipitation interactions, is poorly documented. A short-term
(two months) study of surface meteorology and total particle
concentration (using a condensation nucleus counter, CN)
across the Himalayas demonstrated a semi-diurnal variation of
particle number concentration with morning and evening
maxima and afternoon minima which was consistent with
stable air conditions and strong day time convection (Hindman
and Upadhayay, 2002).

High concentrations of ultrafine particles (10 <D, < 700 nm)
have been observed in the high Himalaya region of Nepal
(5079 m asl) during a 16-month observation of aerosol at the
Nepal Climate Observatory Pyramid (Venzac et al., 2008). A
maximum diurnal particle concentration was found during the
late evening (~2200 LST) with the pre-monsoon period being
the most polluted season. A further two years of observations
of aerosol concentration (10 nm-10 um) at the same location
(Sellegri et al., 2010) confirmed this seasonal variation as did a
satellite remote sensing analysis (Shrestha and Barros, 2010).
Daily twin peaks of total PM,, and black carbon, one in the
morning and the other in the evening were also observed in the
Kathmandu Valley (Panday and Prinn, 2009; Putero et al.,
2015). In this study we will add to these observations focusing
on number concentration and size distribution of aerosol ob-
served at mid-hill altitude range which contributes to our
understanding of altitudinal variation and transport of aerosol
concentration across the Himalayas.

In section 2 we will describe the general characteristics and
meteorology of the Kathmandu Valley in a longer climat-
ological context, while details of the site and experimental set
up are discussed in section 3. Section 4 summarizes the
analyses and results followed by discussion and conclusion in
section 5.

2. The Kathmandu Valley: general characteristics and
climatology

The Kathmandu Valley, dominated by the three major cities
of Nepal - Bhaktapur, Lalitpur, and the capital Kathmandu, is a
bowl-shaped former lake. It has a surface area of approximately
350 km® with an average altitude of 1,300 m asl, and is
surrounded by a mountain range with altitudes ranging from
2,000-2,800 m asl. Recent census estimates the population to
be more than 2 million and rising. As the valley is surrounded
by the other smaller lower valleys (Fig. 1) and hills and passes
(Fig. 2) that act as entrances and exits for pollutants, this
results in complex circulation patterns. In general, the valley
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Fig. 1. Location of the measurement site (Nagarkot, Lat: 27.7°N,
Lon: 85.5°E, Alt: 1,900 m asl) in the eastern flank of the Kathmandu
Valley (KTM). The NCO-P is the Nepal climate observatory
pyramid (5,079 m asl) situated near the base of Mt. Everest.
Dhulikhel (DKL) and Banepa (BNP) are the small valleys in the
east of KTM. Elevation contours are plotted at intervals of 500 m
between 1,000-6,000 m altitudes.

Google

Fig. 2. Google Earth image of the Kathmandu Valley viewed from
the south showing the main peaks and passes. Nagarkot peak is the
location of the measurement site (1,900 m). The acronym KTM,
PTN and BHK refer to the three major cities, Kathmandu, Patan and
Bhaktapur, respectively, in the valley. The Nagdhunga (NAG; 1,480
m) and Bhimdhunga (BHM; 1,500 m) passes are located in the
western edge of the valley. The Nala (NAL; 1,530 m) and Sanga
(SAN; 1,530 m) are the eastern mountain passes. The Bagmati river
gorge (BAG) and Nagarjun peak (NGN; 2,100 m) are located in the
south-west and north-west of the valley, respectively.

acts as a plateau pulling in air masses during the day time and
as a basin during night time, forming a very deep cold pool
(Panday, 2006).

Transport infrastructure in Kathmandu is dominated by
fossil fuel powered vehicles, whose numbers have increased
significantly over the last decade (ADB/ICIMOD, 2006).
Transportation is the largest contributor of local air pollution
followed by household emissions, brick kiln factories (Panday
and Prinn, 2009) and open garbage burning (Putero et al.,
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2015). Household emissions are attributed to home energy
sources, typically for cooking two large meals per day, one in
the morning and one in the evening, using mainly liquefied
petroleum (LP) gas, kerosene and firewood with a small
amount of hydro-electricity as the energy sources.

The Kathmandu Valley generally experiences less pollution
with greater visibility during the monsoon season (June-
September) as a result of scavenging of pollutants, consistent
with the Indian summer monsoon rain that is responsible for
more than 80% of annual rainfall in the valley (Shrestha,
2000). South-westerly warm and moist air originating from the
Bay of Bengal encounters the complex terrain of the Himalayas
triggering this summer monsoon rainfall, however, significant
spatial variation in rainfall is observed within the valley.

During the pre-monsoon season (March-May) strong atmos-
pheric circulation, accompanied with violent thunderstorms
due to intense surface heating and associated convection,
brings dust laden air from neighbouring deserts (e.g. from
India and Pakistan and intercontinental dust from the Sahara
desert (Carrico et al., 2003)) to the region. In the winter season
(December-February) the valley is relatively cool, dry and
dusty, commonly covered by haze with poor visibility. During
night time the valley remains calm with clear skies accom-
panied by a strong temperature inversion that both traps
pollutants at the valley floor and triggers dense fog which
persists until 0900 or 1000 LST in the morning. Winter
precipitation brings light rain over the valley while snowfall in
the surrounding hills and mountains is caused by both the
winter monsoon and the extra-tropical cyclone locally known
as the western disturbance. The valley receives on average
approximately 1500 mm yr~ of rain. Annual temperatures are
~18°C (Alford, 1992; Shrestha et al., 1999) with a maxi-
mum of ~35°C during the month of May and below freezing
during January mornings.

3. Experimental setup

The measurement site - Nagarkot is located on the eastern
flank of the Kathmandu Valley (Lat: 27.7°N, Lon: 85.5°E). The
altitude of the measurement site is about 1,900 m asl and is
located in the so-called “middle hill” region of Nepal, ap-
proximately half-way between the Indo-Gangetic plain and the
Tibetan plateau. At this site a small monitoring station con-
sisting of an optical particle counter (OPC) (GRIMM Model
1.109) with a PM-10 inlet, and a Vaisala meteorological sensor
(Met Pack WTX 510) were installed on the roof top of a two
story public health office building. The station was located
approximately 5 m above the ground. The station was mounted
on a mast above the corner of the rooftop parapet offering
good 360° exposure. Data was recorded to a notebook
computer for the period March to December 2011.

Aerosol particle concentrations in 31 different size channels
ranging from 0.25 pum to 32 pm were measured by the GRIMM
OPC via a light scattering technique to measure and count
individual particles. Air is drawn in to the OPC via a flow-
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controlled pump at a rate of 1.2 | min™'. This is then passed
through a laser beam where the particle scattering signal is
classified using a pulse height analyzer and stored in ap-
propriate size channels. Particle size distributions were
recorded at 1 Hz and averaged over 1 min. In addition, the
OPC station provided additional measurements of ambient
relative humidity and temperature again with a temporal
resolution of 1 min.

The weather station provided measurements of temperature,
relative humidity, surface pressure, wind speed (using an
ultrasonic anemometer), wind direction, and a precipitation
sensor. The precipitation sensor discriminated rainfall and hail
using a piezoelectric sensor which measures electrical charge
induced from pressure exerted by individual drops and is
proportional to the volume of the drops. As with the OPC the
meteorological station was set to record variables at 1 min
intervals. Data presented here will be based on hourly averaged
values calculated from 1 min averaged data measured by the
OPC and Vaisala weather sensor.

4. Results
a. Local meteorology

(1) Seasonal variation

Figures 3 and 4 show the time series analysis of meteor-
ological variables measured from March through December
2011. A statistical summary is provided in Table 1. Pressures
are at the local altitude to record variation, and are not corrected
to sea level.

Pre-monsoon season winds were generally strongest as
shown in Fig. 3a and Fig. 5. Maximum gusts occurred in April
and reached around 9 ms™'. These high gust periods can be
attributed to the strong thermal circulation in the valley
associated with high daytime surface temperatures followed by
strong night time cooling. In general the prevailing wind
direction was from southwest to west (Fig. 7a). Very little
rainfall was recorded in the beginning of the pre-monsoon
season and any events were of low intensity however, towards
the end of the season rainfall intensity increased significantly
reaching as high as 34 mm h™' (Fig. 3b). Nine hail days were
recorded in this season which is a general feature of the region
prior to onset of the monsoon. The maximum amount (79 mm)
of hail was recorded in the late afternoon of 10 May 2011.
Atmospheric pressures fluctuated between 801 hPa to 815 hPa
and surface temperatures generally increased over time (Fig.
4b) with maximum reported temperatures in March of 19.2°C
increasing to 25.4°C by the end of May. Similarly relative
humidity (RH) was highly variable in the beginning of the
season but on average increased significantly towards the end
of the season (Fig. 4c) indicative of the arrival of the monsoon
season.

In the monsoon season winds decreased in strength, with
mean speeds of 1.9 ms™. The wind came from all directions
particularly in middle of the season. However, NE and SW
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Fig. 3. Time series analysis of meteorological variables (hourly
average data) showing (a) wind speed (m s™), (b) rainfall (mm hr™"),
and (c) wind direction (deg). The measurement gap is due to power
outages.

winds were dominant throughout this season. Rainfall was
generally mild but continuous (Fig. 3b), again a typical charac-
teristic of the Indian monsoon, with no hail events were
recorded. Atmospheric pressure was lower than the other
seasons with a seasonal mean pressure of 805.7 hPa. Tempera-
ture also displayed a stable trend throughout the season with
maxima close to 25°C, similar to the pre-monsoon season. In
general RH remained high throughout the season, generally
above 80%.

In the post-monsoon season SW winds became established.
Mean wind speeds were 2.9 ms™ with maximum gusts of
15.9 ms™. Several episodes of low intensity rain and hail were
also recorded. A sudden rise in the pressure was observed in
the beginning of the season which remained stable over the
entire season. The highest recorded pressure (817 hPa) over
the year was reported during this period. Temperature showed
a decreasing trend over time with maximum values around

Table 1. Statistics of meteorological variables at Nagarkot, Nepal.
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Fig. 4. Same as Fig. 3 but for a) relative Humidity (%), b) surface
temperature (°C), and c) atmospheric pressure (hPa), local altitude
value.

22°C at the beginning of the season, however, this dropped to
almost 8°C by the end of November. The RH decreased
compared to the monsoon season with the most pronounced
decrease, ~20%, occurring towards the end of the season.

In the winter season NE winds (Fig. 7b), with mean speeds
of 3.4 m s™, were dominant, with the strongest winds observed
over the year. No rainfall was recorded during this season.
Atmospheric pressure dropped relative to the post-monsoon
season, fluctuating between 806.0 and 815.5 hPa. Surface tem-
peratures dropped steadily from the post-monsoon values. RH
levels generally decreased during the season, dropping by as
much as 14% on average.

(2) Diurnal variation

Figures 5 and 6 show the diurnal cycles of the mid-hill wind
patterns during the different seasons. We observe distinct
seasonal diurnal patterns at this location.

In the pre-monsoon season daily twin peaks in wind speed

. Pre-monsoon Monsoon Post-Monsoon Winter
Meteorological (March-May) (June-September) (October-November) (December-February)
arameters
P Mean Min Max Median 1 ¢ Mean Min Max Median 1 ¢ Mean Min Max Median 1 ¢ Mean Min Max Median 1 ¢
Re.la‘.nveo 62.8 122 913 66.0 185 84.1 354 932 870 94 763 208 932 793 137 67.1 146 932 686 159
Humidity (%)
Temperature °C) 160 6.6 254 160 29 186 132 249 182 18 140 81 227 137 32 94 40 173 93 26
Atmospheric — ¢ng 4 g1 38154 8085 23 805.7799.7811.0 8058 23 811.38059817.0 8112 1.9 810.58063815.6 8104 138
Pressure (hPa)
W‘(“n‘i E}?;‘ed 26 01 163 23 16 19 01 172 12 29 01 108 28 12 34 05 93 32 12
Mean Wind South-West South-East South-East North-East

Direction (sector)

Rainfall mmh™) 2.8 0.0 336 00 28 56 00 425

36 32 00 220 00 12 00 00 19 00 00
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Fig. 5. Diurnal wind speed in m s™ (a) pre-monsoon, (b) monsoon, (c) post-monsoon, and (d) winter. The red-crosses
are the outliers that have a value greater than 1.5 times the interquartile (IQ) range. Note that time axes are mentioned
in UTC (local time = UTC time + 5:45 h).
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Fig. 6. Same as Fig. 5 but for wind direction.
were found with one in the morning (~0600 LST) and another significant at the 95% confidence interval. During the early
in the afternoon (~1600 LST). The afternoon peak was more morning (i.e. before occurrence of the morning peak) light

pronounced than the morning peak. Both peaks are statistically winds (< 10 km hr™! ~2.77 m s™'), which shifted direction from
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Fig. 7. Wind rose diagrams (a) pre-monsoon, and (b) winter season.

SW to SE, blew from the surrounding hills as a continuation of
the general katabatic flows. As Nagarkot has a west facing
exposure on the foot-hill wall, its air remains cooler than the
opposite east facing wall, which influences warmer air flow
contribution to the katabatic flow. During the day Nagarkot
begins to be influenced by upslope flow and wind speeds
gradually increase reaching maximum strength during the
afternoon. The mean morning and afternoon peaks were 2.1
ms and 4.8 ms™, respectively.

We observe upslope flow starts earlier in the pre-monsoon
than in the other seasons. The morning fog associated with the

temperature inversion dissipated earlier in the pre-monsoon
which likely contributes to generation of the early onset of
upslope flows. The SW wind from morning to dusk (Fig. 6a),
which sometimes persisted until midnight, was associated with
upslope and up-valley winds flowing through the Bagmati
River gorge, which is located in the SW of the valley, and by
gap winds through the western passes (Bhimdhunga and
Nagdhunga) of the valley. Previous research (Panday and Prinn,
2009; Regmi et al., 2002) also observed these winds from the
passes.

During the monsoon season we observe significant daily
variability in wind direction. Figure 6b shows the wind
direction quartile range is significantly higher in the monsoon
period than in any other season. Winds were generally calm to
light throughout the day but still displayed a clear diurnal cycle
with a mean morning (afternoon) peak 1.9ms™" (32ms™)
occurred around 0500 (1500) LST (Fig. 5b). The maximum
gusts in this period could exceed 25 m s™' during the afternoon
at the beginning of the season. This is consistent with the
transition from the end of the pre-monsoon to early monsoon
period which is characterized by a stronger atmospheric cir-
culation and generation of severe thunderstorm and lightning
activity.

Fig. 8. (2) Photograph taken on 28 February 2011 in the late morning from the Nagarkot station looking
towards the west of the Kathmandu valley. The “brown haze” layer, indicated by the red line, fully covered
the Nagarjun peak (2,100 m asl). (b) Photograph taken on 8 March 2011 in the late morning. The Kathmandu
Valley is completely covered by “brown haze”. However the vertical extent of the haze layer remains below
that of the surrounding mountains. (c) Photograph taken on 8 March 2011 in the early afternoon. The western
passes of the Kathmandu Valley Bhimdhunga and Nagdhunga are relatively haze free compared to the SW of
the valley indicating the westerly wind has swept pollutants through the eastern passes to the neighbouring
Dhulikhel and Banepa Valleys. (d) Photograph taken on 8 March 2011 during middle of the afternoon
showing the aftermath of westerly winds dispersing the pollution.
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In the post-monsoon season wind patterns also show a clear
diurnal cycle with twin wind speed peaks, one in the morning
(~0500 LST) and the other in the afternoon (~1500 LST) (Fig.
5¢). The NE (SW) wind with average speed 3m s~ (3.75ms™)
was recorded during the morning (afternoon) peak. Our
analysis showed that the SW wind was predominant from late
morning to late evening (Fig. 6¢).

In the winter, unlike the other seasons, wind speed patterns
are very different with no afternoon peak. Easterly winds were
dominant until the middle of the morning which is consistent
with continuation of katabatic flow as explained above. Fig. 6d
shows that a SW flow begins later in the morning, attributed to
the reduced solar heating at the surface during winter, delaying
the onset of upslope flow. Delayed initiation of the upslope
flow was also caused by the prolonged winter morning fog
associated with the strong cold air pool and temperature
inversion that formed in the valley. The SW wind remains for
only a short period of time, moves to SE in the early evening
before veering to a downslope easterly wind, suggesting that
the warming of the valley atmosphere plays a significant role
in perturbing the circulation at this time of year. In contrast to
the other seasons, where strong winds occurred during the
afternoon, winds were strongest during the morning, typically
~4m s, whilst slightly weaker winds, ~3 ms™', were experi-
enced during late afternoon. Strong gusts were also recorded
during the early morning period, exceeding ~14 ms™.

The atmospheric pressure measurements (not shown) display
a clear diurnal cycle throughout the year. Daily twin high
pressure peaks occurred at 0900 and 2100 LST and low
pressure systems developed at 1500 LST and 0300 LST in
almost all seasons. The magnitude of the peaks is lowest
during the monsoon season and highest during the winter time.
The diurnal fluctuation was more pronounced than the noc-
turnal variation. The maximum daytime fluctuation was ~3.5
hPa during the pre-monsoon season while the minimum night
time fluctuation of ~1.6 hPa was found in the monsoon season.

The temperature variation at the mid-hill station site shows
clear diurnal cycles with a maximum temperature during the
afternoon (~1400 LST), as expected, and lowest temperatures
during the early morning (~0500 LST) all year round. The
maximum diurnal fluctuation in temperature was 7.3°C in
March (pre-monsoon season) and the minimum was 3.6°C in
July (monsoon season). In the pre-monsoon season average
diurnal maximum, diurnal minimum and daily temperatures
were 25.4°C, 6.6°C and 16.0°C, respectively. Similarly, in the
monsoon season the corresponding temperatures were 24.9°C,
13.2°C and 18.6°C, respectively. In the winter season the day-
time maximum temperature was 17.3°C whereas early morning
minimum temperature was 4.0°C.

Consistent with the temperature profile explained above, the
diurnal cycle of relative humidity (RH) reveals (not shown) a
minimum RH in the afternoon and maximum in the early
morning. The difference between maximum and minimum RH
was highest in March (> 33%), whereas the minimum differ-
ence (10%), occurred in July. On average, March is the driest
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and July is the most humid month at this altitude over the year
based on these recordings.

In the pre-monsoon season the average maximum, minimum
and daily RH were 91.3%, 12.2% and 62.8%, respectively.
During the monsoon season RH generally increases throughout
the day. Diurnal average maximum, minimum and daily RH
were 93.2%, 35.4% and 84.1%, respectively, in this season.
The RH then begins to decline from the beginning of the post-
monsoon season. In general this season remained relatively dry
during the day with clear nights. Average maximum, minimum
and daily RH were 93.2%, 20.8% and 76.3%, respectively,
during this season. In the winter season the corresponding RH
were 93.2%, 14.6% and 67.1%, respectively.

b. Aerosol

(1) Seasonal variation

Figure 9 shows the time series analysis and size distribution
of aerosol measured during the experiment. Table 2 provides
the statistical summary of the measurements. During the pre-
monsoon season the coarse particle concentration (D,>2.5
um) was less than 50 cm™ in most cases but could reach up to
250 cm™ in some extreme cases. The concentration for fine
particles (0.25<D,<2.5 um) was dominant in this season
(average: 641 + 424 cm™), which is slightly lower than particle
concentration observed in the city center (672 cm™, Paknajol,
Kathmandu, Alt: 1,380 m asl) (Putero et al., 2015), and able to
contribute up to 99% according to the seasonal mean data. At
Dhulikhel city (Alt: 1,510 m asl), a small valley in the east (see
Fig. 1), however, fine particle concentration (30-340 nm), as
reported in Shrestha et al. (2010), was significantly greater
(5,344 £ 3,355 cm™) than in the Kathmandu Valley. A sig-
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Fig. 9. Time series analysis of particle concentration (hourly
average data) showing (a) fine particle concentration (0.25<D,
<2.5 um), and coarse particle concentration (3.0 <D, <10 um)
(em™), (b) aerosol number concentration (cm™) as a function of
particle size (um), and (c) total aerosol concentration (cm™). Con-
centration of particles with diameter greater than 10.0 pum was less
than one throughout the measurement.
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Table 2. Statistics of pollutants at Nagarkot, Nepal.
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Pre-monsoon (March-May)

Monsoon (June-September)

Post-Monsoon (October-November)

Aerosol data
Mean Min Max Median 1o Mean Min Max Median 1o Mean Min Max Median 1o
Total p(iﬁi‘ilf CONC- 644 65 4157 550 429 293 5 1732 252 205 775 115 1990 653 417
© ; f%paf;c?um) 641 65 3934 548 424 286 5 1590 250 191 773 115 1925 651 415
25<D,<2.
?Bariez";‘ﬁ‘ﬂ)e 0 223 0 13 7 0 142 0 20 2 0 65 0 7
,> 2.
PM,, (ug m™) 1959 353 3256 3295 126 656 04 1250.50 16.03 560.3 11727 3.02 5653 26 435.86
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Fig. 10. Diurnal variation of total particle concentrations observed during the a) pre-monsoon, b) monsoon and c¢) post-
monsoon seasons. The red-crosses are the outliers that have a value greater than 1.5 times the interquartile (IQ) range. Note
that time axes are mentioned in UTC (local time = UTC time + 5:45 h).

nificant contribution of fine particle (10-700 nm) concentration
(average: ~1300 cm™) in the pre-monsoon season was observed
in the high Himalayas (NCO-P, 5,079 m asl) (Venzac et al.,
2008).

Figures 9a-9b show that during the monsoon season the fre-
quency and concentration of coarse particles increase substan-
tially (up to 10%) whereas the fine particle contribution shows
a slight decreasing trend over time. Total particle concen-
trations in this season (average: 293 =205 cm™) were lower
than other seasons (Fig. 9c), which is slightly higher than
(250 cm™) the concentration at the Paknajol site as reported by
Putero et al. (2015), suggesting that the monsoon rain plays a
significant role in scavenging pollutants as expected. This
effect has been observed in central (Shrestha et al., 2010) and
high altitude regions (5,079 m) (Marinoni et al., 2010) of Nepal.

The post-monsoon season is characterized by the most

polluted season with mean particle concentrations of 775 cm™
which were dominated by fine particles (~99%). During this
season the total particle concentration generally began to
increase but also revealed an interesting sub-seasonal monthly
cycle. For example both coarse and fine particle concentrations
reached their peak in the mid-October and declined during the
end of that month and so on. Maximum total aerosol concen-
tration in this season at Nagarkot was observed to be 1990 cm™
whereas peak concentration of fine particle in the high
Himalayas (NCO-P) was 2000 cm ™ (Venzac et al., 2008).

(2) Diurnal variation

Figure 10a shows, in the pre-monsoon season, total particle
concentrations exhibit distinct diurnal twin peaks, one in the
morning (0700-0800 LST) and the other in the evening (1900-
2000 LST). The evening peak (average: 747 cm™) is generally
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Fig. 11. Volume distribution of aerosol particles (a) pre-monsoon, (b) monsoon, and (c¢) post-monsoon season. Color lines
represent mean volume distribution and grey lines stand for one standard deviation (1 ).

more pronounced than the morning peak (average: 680 cm™),
which is the opposite behaviour to the observed pattern at
Paknajol site, as reported in Putero et al. (2015). The nocturnal
concentration is higher than the diurnal pollutant concentration.
However, these peaks are not statistically significant at the
95% confidence interval. The maximum and minimum evening
peak concentrations, based on hourly averaged data, were
~1,600 cm™ and ~200 cm™, respectively, suggesting a signifi-
cant intra-seasonal variability of pollutant concentration in the
Kathmandu Valley.

A diurnal cycle analysis of aerosol concentration during
weekdays and weekends shows the consistent occurrence of
peaks at the same time in both cases with slightly lower
concentration during weekends in the pre-monsoon season.
This indicates that these peaks are not consistent with peak
flow of traffic in the Kathmandu Valley. Discounting transitory
events, concentration was ~500cm™ and this appears to
represent a typical background level for aerosols during the
pre-monsoon season at this altitude. This is consistent with a
wind-pollution rose analysis as shown in Fig. 12a. We also
analyze the variation in particle size distributions recorded in
the morning and evening peak periods (Fig. 13a). Although the
fine and accumulation mode particles (0.1-1 pm) are dominant
during both, the contributions of coarse mode particles are
largest during the morning peak than in the evening peak.

PM,, mass loadings were also estimated (assuming perfectly
spherical particles with average density of 1.5 gcm™, not
shown). This again showed that the PM,, followed a similar
diurnal cycle as the total particle concentration with daily twin
peaks in the morning (maximum ~68.5 ug m™) and other in
the evening (maximum 98.9 ug m™). However, these peaks
are not statistically significant at the 95% confidence interval.
Average PM, , concentration in the pre-monsoon season (~195.9
ugm™) is similar to previous observations in the sub-urban
area (Aryal et al., 2008) and city center (169.3 pg m™) (Putero
et al., 2015) of the Kathmandu Valley but less than in Raipur
city, India (306.1 pg m™) (Deshmukh and Deb, 2013). Volume
distributions show the diurnal peak (non-peak) of the particle

number concentration are mainly driven by the presence
(absence) of coarse particles (Fig. 11a) in this season.

In the monsoon season, as shown in Fig. 10b, we observe
evening and morning peaks during 1700-1800 LST and 0700-
0800 LST, respectively, almost the same as in the previous
season. The morning (evening) peak concentration during the
monsoon onset period, based on hourly average data, was
more than 575 cm™ (580 cm™), which decreased over time to
<360 cm™ (330 cm™) during the end of the season, with an
average over the season of 348 cm™ (425 cm™). These peaks
are statistically significant at the 95% confidence interval. The
minimum particle concentration during the monsoon season
was 175 cm™ indicating a very low background particle con-
centration during this season, also shown in the wind-pollution
rose (Fig. 12b). Diurnal patterns of particle number concen-
tration during weekdays and weekends are quite similar in this
season. A significant contribution of coarse particles is
observed in the monsoon season. This is consistent with size
and volume distribution as shown in Fig. 13b and Fig. 11b,
respectively, where the areas under the distribution curves are
considerably increased as compared to the other seasons.

We observe a slightly different signature for PM,, during the
monsoon season, however it still shows a clear diurnal variation
with a morning and an evening peak. Average evening
(morning) peak concentration was around 300 pgm™ (600
ug m™), although not statistically significant at the 95% con-
fidence interval. Average concentration was 656 ug m, which
is higher than the previous observation in the peri-urban area
of the Valley (Aryal et al., 2008) and at Raipur city, India
(Deshmukh and Deb, 2013). In this case it must be emphasised
that the calculated PM,, concentrations are based in the usual
manner on in-situ derived single particle scattering cross
section which assumes equivalent spherical aerosol, and which
may have grown hygroscopically (Kajino et al., 2006). The
diurnal minimum PM,, was around 15 ugm~ whereas the
night time concentration was always greater than 60 pgm™.
Nocturnal higher background concentrations are attributed to
the presence of coarse particles.
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Fig. 13. Size distribution of aerosols showing contribution of different sizes of particles for the peaks and minimum and
maximum particle concentration periods during (a) pre-monsoon, (b) monsoon, and (c) post-monsoon season.

We also find similar daily twin peaks, one in the morning
and the other in the evening in the post-monsoon season (Fig.
10c). The evening peak (average: 981 cm™), which is statis-
tically significant at the 95% confidence interval, is higher
than the morning peak (average: 886 cm™), but is not signifi-
cant at the 95% confidence interval. The nocturnal minimum
concentration (625 cm™) is almost double the diurnal minimum
concentration (330 cm™). The enhanced evening and nocturnal
pollution concentrations are attributed to an increase in coarse
size particles (Fig. 13c), indicating increased background pol-
lution concentration as shown in the wind-pollution rose (Fig.

12¢). The morning and evening peak particle concentrations
during weekends were slightly higher than in weekdays. The
PM,, concentration follows a similar pattern to the total
particle concentration with a morning and an evening peak of,
43 pg m™ and 49 pg m™, respectively, which are significant at
the 95% confidence interval.

5. Conclusions

From March to December 2011, aerosol number size dis-
tributions (0.25 um-32 pm), wind speed and direction, tem-
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perature, relative humidity, atmospheric pressure and rainfall
were continuously measured at Nagarkot (Lat: 27.7°N, Lon:
85.5°E, Alt: 1,900 m asl), Nepal, located in the eastern flank of
a bowl shaped Kathmandu Valley. Our results show a distinct
seasonal and diurnal cycle of aerosol in the valley. We observe
daily twin peaks throughout the year, one in the morning and
the other in the evening. The maximum aerosol number
concentration, dominated by the fine particles (0.25 pm <D, <
2.5 um), occurs during the dry season whereas seasonal
minimum particle concentration with a significant contribution
of coarse particles (3.0 pm < D, < 10.0 um) occurs during the
monsoon season (June-September). This may be attributed to
hygroscopic growth of the aerosol particles (Kajino et al.,
2006), however contributions by particles larger than 10.0 pm
is negligible throughout the year. Our analysis shows that the
post-monsoon (October-November) season (average: 775 + 417
cm™) was the most polluted followed by the pre-monsoon
(March-May) (average: 644 +429 cm™) and the monsoon
season (average: 293 =205 cm™). The Kathmandu Valley re-
ceives significant PM,, input during the monsoon season
which is contributed to by coarse particles from local sources.
The diurnal peaks in aerosol concentration are attributed to
morning calm wind conditions followed by the transitional
growth and break down of the nocturnal boundary layer. We
find that both peaks are influenced by enhancement of the
coarser particles. The evening peak, is generally higher than
the morning peak, and is caused by the light SW winds
blowing through the Kathmandu Valley carrying fresh evening
emissions from increased local activities and suppression of
the mixing layer, which re-circulates aged pollutants. Diurnal
cycle analysis of aerosol number concentration during week-
days and weekends also supports the conclusion that the peaks
are not consistent with rush traffic hour and hence multiple
sources in addition to traffic emission are very likely respon-
sible for regulating the aerosol concentration within the valley.
A number of previous studies in the Kathmandu Valley have
also suggested that the peaks may be caused by boundary layer
processes (Shrestha et al., 2010) and pollutant recirculation
(Panday and Prinn, 2009). Our study at higher altitude supports
this hypothesis with the morning peak strongly influenced by
the growth of the mixing layer. Furthermore, air masses
transported by up-valley wind from the neighbouring eastern
and southeastern valleys, as suggested by the diurnal wind
patterns, contribute to the morning pollution peak. The low
concentrations observed during the afternoon are attributable
to the strong south-westerly wind that sweeps away the
valley’s pollutants towards the eastern passes. This ventilation
mechanism, where cooler air from neighbouring valleys
suppresses the mixed layer and strong westerly wind forces the
pollutants to pass through the Nala and Sanga passes, has been
highlighted in a previous modelling study of the Kathmandu
Valley (Panday et al., 2009). The nocturnal high aerosol con-
centrations are caused by a combination of a stable atmosphere
enhanced by shallow boundary layer height and convergence
of katabatic wind, which further raises the level to which the
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valley’s pollutants can be transported.

Panday et al. (2009) proposed several mechanisms for dis-
persion of pollutants out of the Kathmandu Valley. Similar to
their findings, our seasonal observations, supported by case
study analysis, has allowed further interpretation and under-
standing of the key aerosol transport processes, highlighting
the presence of multiple mechanisms acting to remove
pollutants from the valley (Fig. 8). Based on our observations
we suggest the dominant processes that contribute to remove
pollutants out of the valley are:

1) Gap flow through the western passes of the Kathmandu
Valley, and

ii) Thermally driven mountain-valley circulation.

The gap flow is dominant during the afternoon period. The
valley consists of a number of passes in the western and
eastern rims that bring strong westerly winds into the valley.
Westerly winds from the Bhimdhunga and Nagdhunga passes
then aid dispersal of the valley pollutants via the eastern passes
(Nala and Sanga). Our observations also demonstrate that SW
winds from late morning to evening are dominant almost
throughout the year, consistent with the direction in which
these passes lie in relation to the station. Figure 8c shows that
when strong westerly wind fully developed, the western part of
the valley is free from haze whereas the eastern part still
retains pollutants.

In the mountain-valley circulation night time pollutants are
transported to higher levels due to the convergence of katabatic
flow at the valley bottom. This mechanism, however, may not
fully ventilate the pollutants from of the valley, and con-
sequently the pollutants can be retained within the mountain
rim. This may be the reason that we observe nocturnal high
concentrations at Nagarkot which is the reverse of the
behaviour seen in particle concentration at Paknajol (city
center). A similar, thermally-driven mechanism was also ob-
served in the lower Fraser valley in British Columbia, Canada,
(Martilli and Steyn, 2004; Borrego and Norman, 2007).

While this study represents a limited set of field measure-
ments, with conclusions being drawn based on only a single
station, we hope the results may contribute to understanding
local air pollution and its vertical transport in the Kathmandu
region. A detailed investigation of aerosol chemical com-
position would add significantly to the interpretation and iden-
tification of local sources and residence times of these
pollutants within the valley and to assess contributions to and
from its inter-valley transport. This would assist in developing
abatement strategies for this rapidly developing region.
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