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Physical characterisation of PM2.5, PM10 and surface ozone measured during the period from 17 July
to 21 August 2012 at four strategic locations in and around the Lumbini Protected Zone, Nepal,
is done to assess air quality of the region and understand qualitatively source mechanisms of these
pollutants. The measurement locations are Panditarama Lumbini International Vipassana Meditation
Centre, Parsahawa, Bhairahawa and Tilaurakot, representing monastic, industrial, urban and control
areas, respectively. The overall average concentration of PM2.5 at these locations is ∼19 ± 12, 35 ± 13,
35 ± 11 and 25 ± 6 µg/m3 and of PM10 is ∼25 ± 11, 103 ± 41, 58 ± 15 and 32 ± 7 µg/m3, respectively.
PM2.5 never crosses the safe limit of the National Ambient Air Quality Standards of Nepal (NNAAQS)
in the monastic and control areas but either crosses the NNAAQS occasionally or remains in its vicinity
at the other two locations. The PM10 concentration frequently exceeds the safe limit in the industrial
area but not in the other remaining areas. The analysis indicates the dominance of the impact of local
sources and boundary layer thickness on the atmospheric loadings of the particulate matter. The daily
average mixing ratio of surface ozone remains normally low at all the four observational sites although
the mixing ratio of ozone at Panditarama Lumbini International Vipassana Meditation Centre is much
lower than the NNAAQS but higher than that observed at Tilaurakot.
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1. Introduction

The air quality of a region refers to the state
of the air within that region and surroundings,
which, by virtue of its state, influences human
health, plants, animals and natural resources of
the region. Good air quality pertains to air which
is clean, clear and free from gaseous and partic-
ulate pollutants. It is required for preserving the
exquisite balance of life on Earth and preserv-
ing heritage areas (with monuments thereon) and
ecology (Brimblecombe 2003; Ivaskova et al. 2015;

Turo et al. 2016). In contrast, poor air quality can
adversely affect human health, plants and animals
and degrade the environment (Mohnen et al. 1993;
Ghio and Devlin 2001; Shindell et al. 2012; Stocker
et al. 2013; Janssen et al. 2013; Wu et al. 2013;
Burney and Ramanathan 2014; Forouzanfar et al.
2015; Fuzzi et al. 2015; Kelly and Fussell 2015)
which in turn may complicate small- to large-scale
interactions of various atmospheric parameters,
namely physical, chemical, optical and meteoro-
logical, leading eventually to climate change and
its deleterious repercussions (Colvile et al. 2001;
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Orru et al. 2017). Sources of pollutants can be
natural as well as anthropogenic. Major natural
sources include volcanic eruption and windblown
dust, whereas anthropogenic sources include fos-
sil fuel and biofuel combustion, biomass burning,
auto-vehicles, industries, thermal power plants,
landfills, etc.

Lumbini, the birthplace of the Lord Buddha, is a
world heritage place situated in the Rupandehi dis-
trict in the southwestern plains of Nepal. Being a
world heritage location, the area of Lumbini has got
global importance. The world community has taken
various steps to conserve the whole area along with
its monuments and other features of historical and
archaeological significance thereon. The main rea-
son behind the conservation of this area is that
once the heritage is destroyed, it cannot be recon-
structed in a certain period of time. On losing
the originality of this heritage, the history of Bud-
dhism, the peace and the civilisation may be lost
and can never be restored in its totality.

Despite the global importance of this heritage
region, industrial activity in some areas in and
around Lumbini Protected Zone (LPZ) has dras-
tically increased. A report published by the Inter-
national Union for Conservation of Nature (IUCN;
Nepal 2012) describes that the problems caused by
industrial expansion within the zone need to be
addressed to preserve the sanctity of Lumbini, pro-
mote sustainable development of the surrounding
communities and conserve the biodiversity of the
region. These reports indicate that massive emis-
sion of pollutants from the industries in and around
the LPZ has now become a cause of concern to this
area and its ecosystem.

In view of the above, the World Health Organi-
zation (WHO) and the Indian Institute of Tropical
Meteorology, Pune, India, collaborated to carry out
a pilot study on the air quality of the LPZ in
Nepal. As such, measurements of the particulate
matter (PM2.5 and PM10) and surface ozone were
made at four different environmental sites in the
LPZ. These sites are Panditarama Lumbini Inter-
national Vipassana Meditation Centre, Parsahawa,
Bhairahawa and Tilaurakot, representing monas-
tic, industrial, urban and control areas, respec-
tively. This research work is an effort to assess
the air quality of the above four measurement
locations in the LPZ, understand qualitatively
the sources of these pollutants and investigate
whether there is significant impact of industrial
activity on air quality. It should be mentioned
that only one research publication on the air

quality of Lumbini is available in the literature
(Rupakheti et al. 2017) which presents air qual-
ity data (PM, BC, CO, O3) measured at Lumbini
International Research Institute (LIRI), a Bud-
dhist library in Lumbini, during the pre-monsoon
season of 2013.

2. Observational sites, measurement and
methodology

Four measurement sites, namely, Panditarama
Lumbini International Vipassana Meditation
Centre or simply PMC (27◦28′34′′N; 83◦16′28′′E;
∼100 amsl), Parsahawa (27◦30′16′′N; 83◦22′22′′E;
∼107 amsl), Bhairahawa (27◦30′43′′N; 83◦26′43′′E;
∼107 amsl) and Tilaurakot (27◦34′47′′N; 83◦4′

47′′E; ∼107 amsl), were selected under the collab-
orative programme, which represent, respectively,
monastic zone, industrial area, urban area and con-
trol area in the LPZ. The map showing the location
of the observational sites along with superimposed
ECMWF ERA-Interim reanalysis 10-m wind for
00:00 and 12:00 UTC is shown in figure 1. It may

Figure 1. Map showing measurement locations (1: PMC;
2: Parsahawa; 3: Bhairahawa; and 4: Tilaurakot) in the LPZ,
Nepal, and superimposed ECMWF ERA-Interim 10-m wind
at 00 Z and 12 Z.
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Table 1. Radial distance between pair of measurement
locations.

Sl.

no.

Pair of measurement

location
Radial

distance (km)

1 PMC–Parsahawa 09.29

2 PMC–Bhairahawa 16.42

3 PMC–Tilaurakot 24.63

4 Parsahawa–Bhairahawa 07.15

5 Parsahawa–Tilaurakot 32.57

6 Bhiarahawa–Tilaurakot 38.70

be seen in this figure that morning wind is easterly
and afternoon wind is southeasterly.

The observational site, PMC, in the monastic
zone has natural greenery with long shady trees
and bushes. Tourists from all over the world visit
the area all the year round, especially between
September and November. The observable major
source of pollution in the area is burning of fos-
sil fuel/biofuel mostly for domestic cooking in the
forenoon hours of the day. Emission from vehicu-
lar activity on the nearby roads is low due to low
traffic density. However, the impact of gases emit-
ted from the vehicles on the local atmospheric gas
phase chemistry cannot be completely ruled out.

The industrial site at Parsahawa (Gonaha) is the
terrace of a residential building which is nearly
12 km by road to the east of the PMC. The area
mostly contains cement factories, brick kilns, steel
industry, food industry, etc. The vehicular activity
on nearly 50-m distant road is high.

The measurement site at Bhairahawa is also the
terrace of a residential building which is about
18 km by road to the east of the PMC. It is
an urban area where movement of light to heavy
vehicles on the paved and unpaved/unrepaired
roads is very high. Here, the pollutants are origi-
nated mostly due to the vehicular movement. Also,
urbanisation
and small-scale industries may be the source of
pollution in Bhairahawa.

The measurement site in Tilaurakot is an open
ground in front of the office of the Lumbini Devel-
opment Trust (LDT). It is nearly 29 km by road to
the northwest of the PMC. This site is considered
as a control site or reference site due to its loca-
tion being free from major anthropogenic activity
of pollutants’ emission. Radial distance between
different measurement locations is given in table 1.

The present air quality assessment is based on
measurements of PM2.5, PM10 and surface ozone
at four different environmental locations in the

LPZ during a period from 17 July to 21 August
2012. It may be noted that the India Meteorolog-
ical Department has categorised the months from
June to September as monsoon season. Thus, the
above 2 months fall in the monsoon season. Rain-
fall activity in these 2 months is normally found
to be at its peak. Details of the measurement
periods at individual sites are given in table 2.
This table shows two measurement periods at
PMC and Parsahawa sites. This is because the
aerosol analyser could not be operated for suffi-
cient number of hours at these locations during
earlier observational period due to some technical
problem in the casing of the analyser. Later, the
same was compensated by running the equipment
on some additional days at both the sites. Another
point to be noted is that the period of observa-
tions shown in figure 1 differs slightly from what is
given in table 2. This is because this table shows
the whole campaign period, but figure 1 shows
the actual period when the equipment remained
operational at the respective sites.

Measurement of mass size distribution (MSD) of
particulate matter was made with the help of online
GRIMM Portable Aerosol Spectrometer (model:
1.108; make: GRIMM, Germany).

Fundamentally, the spectrometer measures num-
ber size distribution. But, the number size dis-
tribution is converted by the GRIMM’s internal
algorithm into MSD with the help of C-factor
which depends on the particle density, particle
shape and refractive index of the particle. The
C-factor is calculated on the basis of dust load
on the gravimetric filter (polytetrafluoroethylene
[PTFE] filter) located before the internal pump of
the spectrometer, and the calculated dust weight
is shown by the instrument. It is a location-
specific non-dimensional factor. The calculated
C-factor becomes the input into the dust moni-
tor, and all the dust mass concentration values as
well as their averages are multiplied by this fac-
tor. It is mentioned that C-factor calculated for
PMC, Parsahawa, Bhairahawa and Tilaurakot is
1.05, 1.2, 1.08 and 1.04, respectively. The average
density considered in the calibration of the spec-
trometer is 1.68 g/cm3. The instrument measures
number/MSD of suspended particulate matter in
16 size bins with the smallest size bin of 0.23–
0.3 µm and the largest size bin of >20 µm. The
reproducibility of the spectrometer over the whole
measuring range is ±3%. The uncertainty in the
determination of the total aerosol mass by GRIMM
1.108 may be within 10–20% (Nicolas et al. 2009).
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Table 2. Details of observational sites and periods during field campaign in the LPZ from 17 July to 21 August 2012.

Sl. Station

no. Measurement site (hagl) height (amsl) Starting date Ending date

1 Panditarama Meditation Centre,

Lumbini (∼1.5 m; monastic zone)

∼100 m 18 July 2012 22 July 2012

19 August 2012 20 August 2012

2 Gonaha-7, Parsahawa (∼4 m;

industrial area)

∼107 m 23 July 2012 30 July 2012

16 August 2012 18 August 2012

3 Siddhartha nagerpalika-6, Gallamandi,

Banklony, Bhairahawa

(∼7 m; urban area)

∼107 m 31 July 2012 7 August 2012

4 Kapilbastu Nagerpalika-12, Shivgadh,

Tilaurakot (∼1 m; control area)

∼107 m 8 August 2012 15 August 2012

Note: hagl stands for height in metre above ground level and amsl stands for height in metre above mean sea level.

The instrument is sent to GRIMM Company
normally once a year for its calibration or when-
ever it has to be used in a field campaign pro-
gramme. Estimation of the masses of PM2.5 and
PM10 has been made with the measurement of
MSD.

The mixing ratio of surface ozone was moni-
tored by an online US-EPA approved ozone anal-
yser (model: O342M; Environment S.A., France).
The analytical technique of the analyser is based
on drawing ambient air with the help of a suction
pump. The air is passed through a filter and then
analysed at 253.7 nm wavelength (Nishanth et al.
2011). The lowest detection limit of the analyser
is 0.4 ppbv with minimum response time of 20 s.
The analyser needs zero and span calibration which
is normally done once in a month with the help
of built-in ozonator. The linearity of the analyser
is ±1% with noise 0.2 ppb, zero drift less than
1 ppb/week and span drift less than 1%/week.

More details of both the analysers and their mea-
surement techniques can be obtained from their
manuals which are available on the websites of
the respective companies (http://www.wmo-gaw-
wcc-aerosol-physics.org/files/opc-grimm-model--1.
108-and-1.109.pdf and http://www.lisa.u-pec.fr/∼
formenti/Tools/Manuals/O342MA\ 10.06.pdf). It
is mentioned that measurement interval for both
the instruments was kept at 15 min.

Data on both the particulate matter and the
surface ozone were passed through various quality
checks (e.g., stray readings of the analysers were
first removed and then Gaussian filter was used
for quality control) before starting mathematical
analyses.

Data on meteorological parameters like rainfall
(RF), wind speed (W ) and boundary layer thick-
ness (BL) used in this study are compiled from

ECMWF (ERA-Interim) with horizontal resolution
of 0.125◦×0.125◦ (corresponding to ∼12×12 km2).
Details on the data may be obtained from
http://www.ecmwf.int/en/research/climate-reanal
ysis/era-interim. Five days’ air mass backward tra-
jectory analysis at a height of 500 m above the
observational sites has been done using National
Oceanic and Atmospheric Administration (NOAA)
Air Resources Laboratory Hybrid Single Particle
Lagrangian Integrated Model (HYSPLIT; http://
www.arl.noaa.gov/ready.html) to understand the
transportation of pollutants.

3. Results and discussion

3.1 Time series of the concentration of particulate
matters

Variation of daily mean concentration of PM2.5,
PM10, RF and W at PMC, Parsahawa, Bhaira-
hawa and Tilaurakot during a period from 19 July
to 20 August 2012 is shown in figure 2. Verti-
cal bars shown at individual mean values in the
plot indicate standard deviation (σ) about the
corresponding means.

This figure reveals that the concentration of par-
ticulate matter at PMC and Tilaurakot is much
less than the NNAAQS (for PM2.5 is 40 µg/m3

and for PM10 is 120 µg/m3, averaged on 24-h dura-
tion). The overall average, minimum and maximum
concentrations of PM2.5 at PMC are ∼19 ± 12,
9 and 37 µg/m3 and at Tilaurakot are ∼25 ± 6,
16 and 32 µg/m3, respectively. Similarly, the over-
all average, minimum and maximum concentra-
tions of PM10 at PMC are ∼25 ± 11, 12 and
41 µg/m3 and at Tilaurakot are ∼32 ± 7, 22 and
43 µg/m3, respectively. The average value and
range of variation of PM2.5 and PM10 at both

http://www.wmo-gaw-wcc-aerosol-physics.org/files/opc-grimm-model--1.108-and-1.109.pdf
http://www.wmo-gaw-wcc-aerosol-physics.org/files/opc-grimm-model--1.108-and-1.109.pdf
http://www.wmo-gaw-wcc-aerosol-physics.org/files/opc-grimm-model--1.108-and-1.109.pdf
http://www.lisa.u-pec.fr/~formenti/Tools/Manuals/O342MA\protect \global \let \OT1\textunderscore \unhbox \voidb@x \kern .06em\vbox {\hrule width.3em}\OT1\textunderscore 10.06.pdf
http://www.lisa.u-pec.fr/~formenti/Tools/Manuals/O342MA\protect \global \let \OT1\textunderscore \unhbox \voidb@x \kern .06em\vbox {\hrule width.3em}\OT1\textunderscore 10.06.pdf
http://www.ecmwf.int/en/research/climate-reanalysis/era-interim
http://www.ecmwf.int/en/research/climate-reanalysis/era-interim
http://www.arl.noaa.gov/ready.html
http://www.arl.noaa.gov/ready.html
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Figure 2. Daily mean concentration of particulate matter, ECMWF ERA-Interim reanalysis rainfall (RF) and wind speed
(W ) at Panditarama Lumbini International Vipassana Meditation Centre (19–22 July and 19–20 August 2012), Parsahawa
(23–29 July and 16–18 August 2012), Bhairahawa (1–6 August 2012) and Tilaurakot (8–15 August 2012) in the Lumbini
Protected Zone, Nepal.

the locations indicate that fractional contribution
of the fine particles to the total aerosol mass is
much higher than that of the coarse particles. It
is found to be about 76% at PMC and 79% at
Tilaurakot. The result indicates that the sources
of particulate matter are weak in these areas,
and they mostly generate fine particles. As men-
tioned above, the main sources of the observed
particulate matter in these localities are burning
of fossil fuel and biofuel mostly for domestic cook-
ing. Vehicle-driven emission of coarse particles from
soil dust and of fine particles from fuel combus-
tion may be less due to less number of vehicles
on the nearby roads. Figure 2 also reveals that
the rainfall washes out particulate matter effec-
tively at PMC to reduce its concentration, but
the wind does not show any remarkable associa-
tion with this variation. The correlation coefficient
between PM2.5 and RF at PMC is −0.84 (signifi-
cant at better than 95%) and between PM10 and
RF is −0.81 (significant at better than 95%). How-
ever, wind appears to influence particulate matter
concentration at Tilaurakot, but the correlation
coefficient between these two parameters is
insignificant. Consequently, there is possibility of

the dominance of other factors influencing the
concentration of particulate matter at Tilaurakot.
There might have been considerable reduction in
the coarse particle concentration due to their inter-
ception by plants along with stimulated gravity
settling of heavier particles caused by abundantly
available leafy trees.

Trajectory plots for all the four observational
sites are shown in figure 3. It may be seen in this
figure that there were only two occasions when
winds at PMC originated over the sea, otherwise
landlocked. That is, wind over PMC is expected
to be more of dry nature during the observa-
tion period. The winds reaching the Tilaurakot
site are mostly originating over the sea. Thus, the
fraction of marine components is expected to be
more in the particulate matter at Tilaurakot than
that at PMC. The prevalence of marine wind over
Tilaurakot might have stimulated gravity settling,
particularly of coarse particles, through moistening
the aerosol. Consequently, the fraction of coarse
particle is more at PMC (24%) than that at
Tilaurakot (21%).

Rupakheti et al. (2017) have reported that aver-
age concentrations of PM2.5 and PM10 measured
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Figure 3. Five days’ air mass backward trajectory ending at an altitude of 500 m above ground level at PMC, Parsahawa,
Bhairahawa and Tilaurakot during the period of observations at individual locations (note: figures in the bracket beside
dates denote initial altitude of the air parcels above ground level).

at the premise of LIRI (∼1.5 km to the north–
northeast of PMC) during April–June 2013 (a
major period of pre-monsoon season) are ∼53 ±
35 µg/m3 (range: ∼6−272 µg/m3) and ∼129 ±
92 µg/m3 (range: ∼11−604 µg/m3), respectively.
That is, the concentrations of PM2.5 and PM10 dur-
ing pre-monsoon season of 2013 are, respectively,
∼2.8 and ∼5.1 times more than the concentra-
tion of corresponding parameters obtained at PMC
during monsoon season of 2012. They have also
reported that coarse mode fraction was ∼60%,
which is very high as compared to our result
of ∼24%. Higher contribution of coarse aerosols
during pre-monsoon season was attributed to wind-
blown soil dust from nearby agricultural fields and
construction sites.

Daily average concentration of PM2.5 and PM10

at Bhairahawa varies from 16 to 50 µg/m3 and
from 34 to 73 µg/m3 with the overall average
concentration of 35±11 and 58±15 µg/m3, respec-
tively. The concentration of PM2.5 exceeds the
NNAAQS during about 33% of the observational
period and remains towards higher concentration
level during 50% of the period. This implies that

there are strong sources of fine particles. However,
the concentration of PM10 remains nearly always
below the NNAAQS, but above 60 µg/m3 during
50% of the observational period. Such a high con-
centration level for quite an appreciable period of
time during monsoon season, when effective pre-
cipitation scavenging mechanism normally remains
active, is a matter of concern, and there is need
to adopt some control measures for reducing emis-
sions of the particulate matter in this area. The
result indicates that there may be dominance of
gas-to-particle conversion mechanism which might
have resulted by the presence of gases emitted
mostly from the vehicles and the other burning
activities. The coarse particles (PM10–PM2.5) are
generated by vehicle-driven road side dust, wind-
blown dust and construction activity. Backward
trajectory shown in figure 3 for Bhairahawa indi-
cates that marine component from the Bay of
Bengal might have also contributed considerably
through transportation.

In general, the trend of variation of PM2.5 is
same as that of PM10 over the period of observa-
tion at PMC, Tilaurakot and Bhairahawa. Such a
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variation trend implies that the sources (anthro-
pogenic or natural) of PM2.5 and PM10 in these
areas are either same or, if different, originate
nearly simultaneously in the same area, and these
sources are not much away from the observational
sites. Correlation analysis of particulate matter
concentration at Bhairahawa with RF and W indi-
cates that the correlation coefficient is insignificant,
implying that W and RF are not the dominant
factors influencing the concentration of particulate
matter at Bhairahawa.

At Parsahawa, a large variation in the daily
mean concentration of PM10 is observed. The
minimum and the maximum concentrations are
∼61 and 188 µg/m3, respectively, with the over-
all average concentration of ∼103±41 µg/m3. The
variation trend indicates that the sources of PM10

may be in the vicinity of the measurement site.
Whenever the wind blows from the source region
towards the measurement site, the concentration is
highly increased. Otherwise, it remains generally
below the NNAAQS. The concentration at Parsa-
hawa is found to exceed the NNAAQS during 30%
of the measurement period.

Daily mean concentration of PM2.5 is always
below the NNAAQS during the first measurement
period (23–29 July 2012) at Parsahawa and varies
from ∼16 to 34 µg/m3. On the contrary, it is always
above the NNAAQS during the second measure-
ment period (16–18 August 2012) and varies from
∼45 to 61 µg/m3. Actually, the winds during 23–29
July 2012 originated mostly over the Bay of Ben-
gal and travelled as southeasterly through humid
zones of north India (figure 3). Consequently, these
winds contained high moisture content on reaching
Parsahawa. High moisture content in the air and
occasional rain induced, respectively, gravity set-
tling and wet removal of aerosol resulting in the low
concentration of PM2.5 at Parsahawa during this
period. However, the winds during 16–18 August
2012 at Parsahawa originated over the Arabian
Sea traversed the dry zone path as southwesterly
(figure 3) and thus contained low moisture content
on reaching there. The prevalence of dry air and
occurrence of appreciable dry period at Parsahawa
caused building up of fine particles in its bound-
ary layer through direct emission from the nearby
industries and vehicles as well as through gas-to-
particle conversion resulting in higher concentra-
tion of PM2.5 during this period. The role of RF
in influencing particulate matter concentration at
Parsahawa can be understood by the value of corre-
lation coefficient between PM2.5 and RF. It is found

to be −0.89 which is highly significant (at better
than 99%). The overall average concentration
of PM2.5 is nearly same (∼35 ± 13 µg/m3) as that
at Bhairahawa but much higher than those at PMC
and Tilaurakot.

Higher concentration levels of the particulate
matter at Bhairahawa and Parsahawa for quite an
appreciable period of time are bad not only for
these areas but also for other areas of the LPZ
because the prevailing easterly to southeasterly
winds of the monsoon regime may advect these par-
ticulate matter to other clean areas of the LPZ and
pollute them.

3.2 Diurnal variation of the concentration of
particulate matter

Figure 4 shows the diurnal variation of the con-
centration of particulate matter observed at PMC,
Parsahawa, Bhairahawa and Tilaurakot. The diur-
nal variation of boundary layer thickness is also
shown in the plots to understand its influence on
the variability of the particulate matter concentra-
tion. It is noticed from this figure that the concen-
tration at PMC becomes maximum (∼47 µg/m3

for PM2.5 and ∼55 µg/m3 for PM10) at 21:00 h.
The minimum concentrations of PM2.5 and PM10

are 12 and 19 µg/m3, respectively, which occur
at 16:00 and 11:00 h, respectively. After 16:00 h,
their concentrations rise slowly up to 19:00 h
and then faster (∼13 µg/m3/h for PM2.5 and
∼13.5 µg/m3/h for PM10) till the maximum is
attained. The maximum concentration at 21:00 h
is the result of combined effect of increased vehic-
ular emission after 16:00 h and decreases in the
boundary layer thickness. The minimum concen-
tration of PM2.5 at 16:00 h and of PM10 at 11:00
h is attributed mainly to lower vehicular emission
and increases in the boundary layer thickness. A
small peak at 12:00 h is caused mainly by very
local emission mostly from domestic cooking.

During late-night hours, anthropogenic activity
and associated emission stops, and the aerosol
removal mechanism, mainly dry deposition,
becomes effective. Although the decrease in the
boundary layer thickness with the passage of the
night tends to initially sustain the concentration
level of the particulate matter, the removal mech-
anism dominates it later, and the concentration of
particulate matter continuously goes on decreasing
during night. For this reason, the rate of decrease
in the concentration of particulate matter from the
highest value is slow in the beginning and fast
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(∼7.5 µg/m3/h for PM2.5 and ∼9 µg/m3/h for
PM10) later.

On sunrise at around 07:00 LT, the nocturnal
boundary layer breaks and the boundary layer
starts developing. This causes further reduction
in the concentration of particulate matter. How-
ever, morning fumigation, occurring due to the
breakup of the nocturnal inversion (Hibberd and
Luhar 1996), causes vertical mixing of the pollu-
tants. This phenomenon partially counterbalances
reduction in the concentration and delays the time
of occurrence of the minimum concentration level
in the morning.

Figure 1 shows morning (00 UTC) and evening
(12 UTC) wind patterns over the region under
study. This figure reveals that the morning wind
over the region is easterly, and as the day
progresses, it turns to be southeasterly. Thus, the
morning wind from Parsahawa and Bhairahawa
(industrial and urban regions, respectively) may
also be contributing to the particulate matter load-
ing at PMC causing delay in attaining minimum
value in the morning.

Diurnal variation of particulate matter at Parsa-
hawa shows minimum concentration of PM2.5 at
13:00 h and of PM10 at 12:00 h. It is found to be

∼15 and 53 µg/m3, respectively. The maximum
concentration of both PM2.5 and PM10 occurs at
23:00 h which is ∼59 and 162 µg/m3, respectively.
On average, the concentration of PM2.5 and PM10

during night (∼43 and 121 µg/m3, respectively)
is found to be more than that during day (∼28
and 90 µg/m3, respectively). This is mainly due
to higher boundary layer thickness during day and
lower during night, irrespective of the impact of
anthropogenic sources. A slight increase in the con-
centration of PM2.5 after 06:00 h is due to domestic
cooking utilising mostly biofuel and coal. Morning
fumigation may also be contributing to the aerosol
loading.

The average concentration of PM2.5 and PM10 at
Bhairahawa is lower (∼11 and 32 µg/m3, respec-
tively) during 09:00–18:00 h and higher (∼45 and
70 µg/m3, respectively) during 19:00–08:00 h. The
dominant factor responsible for such a diurnal vari-
ation is the boundary layer thickness which is
higher during the day and lower during the night
(figure 4). The concentration of particulate matter
is found to increase after 04:00 h till 06:00 h in
the morning. This is mainly due to domestic activ-
ity and vehicular movement during morning hours
in the urban area of Bhairahawa. The morning
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fumigation occurring due to the breakup of the
nocturnal inversion may also be adding to this
trend of increase.

As seen at the other three locations, diurnal
variation of particulate matter at Tilaurakot also
shows daytime minimum and nighttime maximum.
The maximum concentration of PM2.5 and PM10

(∼54 µg/m3 and 63 µg/m3, respectively) occurs at
23:00 h, whereas the minimum is broad occurring
during 11:00–18:00 h with an average concentra-
tion of ∼14 µg/m3 for PM2.5 and 19 µg/m3 for
PM10. The average rate of increase of particulate
pollutants during 18:00–23:00 h is 8.2 µg/m3/h
for PM2.5 and 9 µg/m3/h for PM10 which is
very high. This indicates the impact of very local
anthropogenic activity which may be biofuel/coal
burning for domestic cooking and biomass burning
to generate smoke for saving the domestic cattle
from mosquito bite in the night. Also, lowering
of inversion layer contributes to increase in the
concentration during this period. It may be noted
that evening wind is southeasterly (figure 1). This
implies that a little contribution of particulate mat-
ter is made by transportation from Parsahawa and
Bhairahawa, as the location of Tilaurakot is to the
northwest of Parsahawa and Bhairahawa. Daytime
minimum concentration is attributed to increase
in the boundary layer thickness with occasional
washout process.

3.3 Time series of the mixing ratio of surface
ozone

A day-to-day variation in the average mixing ratio
of surface ozone, RF and W at PMC, Parsahawa,
Bhairahawa and Tilaurakot is shown in figure 5. It
is found from this figure that the mixing ratio at
these locations varies from ∼13 to 27, from ∼11
to 20, from ∼9 to 16 and from ∼11 to 18 ppb,
respectively. The coefficients of variation are 0.3,
0.2, 0.2 and 0.2. This indicates that the variability
at all the individual locations is low with maxi-
mum at PMC. The overall average mixing ratio of
ozone at these locations is ∼16 ± 6, 14 ± 4, 12 ± 5
and 14 ± 6 ppb, respectively. Eight hourly aver-
age mixing ratio of ozone is found to be always
far below the NNAAQS (80 ppb, averaged on 8-h
duration) during the period of observation. Thus,
the quality of air with regard to ozone is very good.
Such a low mixing ratio of ozone can occur only
in those areas where there is less availability of
ozone precursors like hydrocarbon (HC) and oxides
of nitrogen (NOx).

The average mixing ratio of surface ozone
measured during pre-monsoon season of 2013 at
LIRI was ∼47 ± 20 ppb (Rupakheti et al. 2017),
which is ∼2.7 times more than that obtained dur-
ing monsoon season of 2012 at PMC. This indicates
that the production mechanism of ozone was more
effective during pre-monsoon season than that
during monsoon season.

Variation in the W is nearly out of phase of
the variation in the ozone mixing ratio at PMC
(r = −0.94, highly significant) and Parsahawa
(r = −0.73, significant at better than 95%) indi-
cating thereby dilution in the ozone mixing ratio at
these locations due to increase in the vertical mix-
ing caused by turbulence. At the remaining two
locations, the relationship of W with the ozone
mixing ratio is insignificant implying dominance of
some other factors over the W .

It may be seen in figure 5 that the whole obser-
vational period witnessed RF with daily average
varying from 3.7 to 18.7 mm at PMC, from 2.3
to 50.6 mm at Parsahawa, from 0.7 to 18.0 mm at
Bhairahawa and from 2.7 to 12.6 mm at Tilaurakot.
The sky remained mostly cloudy in the absence of
RF. As such, humidity remained high in the bound-
ary layer, and incoming solar radiation got reduced.
Also, NO2 mixing ratio could have been reduced in
the boundary layer through aqueous phase chemi-
cal conversion of NO2 into nitric acid and its sub-
sequent removal by precipitation. Consequently,
the photochemical production of surface ozone was
reduced. This has been another reason for low level
of surface ozone over the Lumbini region.

The above paragraph reveals that there was
abundance of water vapour in the boundary layer
during the whole observational period. This pro-
vided conducive environment for the removal of
surface ozone through chemical scavenging (Ali
et al. 2009). It may be noted that the process
of chemical scavenging starts with photolysis of
ozone molecule by solar radiation at wavelength (λ)
≤ 320 nm giving rise to electronically excited sin-
glet oxygen O(′D). A small fraction of the produced
singlet oxygen reacts with water vapour to yield
hydroxyl radical (OH) (Buckley and Birks 1995).
The available ozone molecules are scavenged with
the OH radical to result into hydroperoxy radical
(HO2) and oxygen molecules. HO2 further reacts
with ozone molecule to yield OH radical and oxy-
gen molecules. The reaction mechanisms involved
are as given below:

O3 + hv → O(′D) + O2, λ ≤ 320 nm, (1)
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Figure 5. Daily mean mixing ratio of surface ozone, ECMWF ERA-Interim reanalysis rainfall (RF) and wind speed (W ) at
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H2O + O(′D) → 2OH, (2)

O3 + OH → HO2 + O2, (3)

HO2 + O3 → OH + 2O2. (4)

Thus, chemical scavenging has also been responsi-
ble for low level of surface ozone over the Lumbini
region. However, the reduction in the surface ozone
by this mechanism might not have been significant
due to the occurrence of cloudy sky or rain for most
of the observational period.

3.4 Diurnal variation of the mixing ratio of
surface ozone

Diurnal variation of surface ozone observed at
PMC, Parsahawa, Bhairahawa and Tilaurakot is
shown in figure 6. This figure reveals that the
mixing ratio of ozone at all the locations rises

from low value in the morning to peak value
during midday and then decreases to low value
somewhere in the night. The peak mixing ratio
attained at these locations is 22, 16, 17 and 20
ppb, respectively occurring during 12:00–15:00 h.
The variation matches well with the diurnal varia-
tion of boundary layer thickness which is known to
have in-phase relation with the incoming solar radi-
ation. The correlation coefficient between surface
ozone mixing ratio and boundary layer thickness
at PMC, Parsahawa, Bhairahawa and Tilaurakot is
0.93, 0.91, 0.96 and 0.97, respectively (statistically
significant at better than 99%). The result implies
that photochemistry is the main source mechanism
of ozone in these areas.

The mixing ratio of surface ozone increases from
the lower values in the morning to the peak val-
ues in the afternoon at the rate of 0.8 ppb/h
at PMC, 0.4 ppb/h at Parsahawa, 0.8 ppb/h
at Bhairahawa and 0.7 ppb/h at Tilaurakot. It
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Figure 6. Diurnal variation of the mixing ratio of surface ozone at Panditarama Lumbini International Vipassana Meditation
Centre, Parsahawa, Bhairahawa and Tilaurakot in the Lumbini Protected Zone, Nepal.

decreases from the peak values in the midday to
the lower values in the night at the rate of 1.2,
0.4, 0.9 and 1.2 ppb/h. The result implies that
the photochemistry is more active at PMC,
Bhairahawa and Tilaurakot observational sites but
less active at Parsahawa. The photochemistry at
Parsahawa is less active due to less availability
of incoming solar radiation caused by attenua-
tion of the same either by clouds and rain of the
monsoon season or by high aerosol loadings par-
ticularly in the coarse size range produced and
transported mainly from the nearby industries
during dry weather condition.

3.5 Comparison of pollutants’ levels

Daily and diurnal variation of the concentration
of particulate matter and mixing ratio of surface
ozone at PMC, Parsahawa, Bhairahawa and Tilau-
rakot indicate that PMC and Tilaurakot fall in
unpolluted areas. Tilaurakot comes in the clean-
est area with respect to ozone. Consequently,
Tilaurakot may be safely taken as a control or
reference site for comparing pollution levels of

the other areas in the LPZ. For comparison, the
average percentage deviation of the concentration
of pollutants at PMC, Parsahawa and Bhairahawa
with respect to that at Tilaurakot is estimated.
It is found that the coarse particles at Parsa-
hawa and Bhairahawa have a very large positive
deviation (∼223% and 83%, respectively). Fine
particles at these locations also have an apprecia-
ble positive deviation (∼38% and 39%). However,
the fine and the coarse particles at PMC show
a negative deviation. This clearly indicates that
Parsahawa may be treated as a dominant source
region for coarse particles in the LPZ. Bhaira-
hawa also acts as a potential source region for
the coarse particles. Both these areas may be
treated as a source region for fine particles also.
The area of PMC is very clean with regard to
particulate pollutants.

The percentage positive deviation in ozone mix-
ing ratio is maximum at PMC (∼24%). This
implies that the area of PMC intercepts elevated
level of ozone in comparison to those at other
locations in the LPZ, though remaining at a level
far below the safe limit.
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4. Conclusions

A pilot study is carried out on the physical char-
acterisation of PM2.5, PM10 and surface ozone
measured at four different environmental locations
in the LPZ, Nepal, during the period from 17 July
to 21 August 2012. The following broad conclusions
are drawn based on the study.

Air quality with regard to particulate matter is
good at Panditarama Meditation Centre (monas-
tic zone) and Tilaurakot (control area) but nearly
bad at Bhairahawa (urban area) and Parsahawa
(industrial area). The major sources of particu-
late emissions are local, but there is possibility
of advective transport of particulate matter from
Bhairahawa and Parsahawa areas to the nearby
areas of the LPZ by prevailing easterly to south-
easterly winds of the monsoon regime. Hence,
control measures need to be taken to mitigate it
before it adversely affects the clean areas of the
LPZ. Boundary layer thickness plays a dominant
role in the diurnal distribution of the particulate
matter.

Comparison of the present analysis with that
reported in the literature indicates that pollution
level during the monsoon season is much lower than
that during the pre-monsoon season.

There is no ozone pollution in the LPZ dur-
ing the study period. The surface ozone level at
PMC is high in comparison to that at the con-
trol site but is within the safe limit. Tilaurakot
can be safely taken as a control site for compari-
son of the pollution status of the other areas of the
LPZ.
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