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ABSTRACT

This thesis focuses on characterizing the physical and optical properties of aerosols
over Nepal by including the Himalayan region (Jomsom, Kyanjin Gompa, and EVK2 _
CNR), the Hilly region (Pokhara, and KTM-Bode), and the Terai region (Lumbini).
NASA's (National Aeronautics and Space Administration) AERONET (Aerosol
Robotic Network) provides a significant amount of aerosol data for analysis for these
locations, covering the country's largest and most strategic areas. PurpleAir, a low-cost
instrument installed in Pokhara and Kathmandu, provides continuous one-minute
average data. These data were analyzed and compared with satellite data from MODIS
(Moderate Resolution Imaging Spectroradiometer). An analysis of HYSPLIT back
trajectory, such as cluster analysis, was used to identify aerosol particle sources.

Pyranometer data were used to observe global solar radiation (GSR).

Different statistical tools, such as Root Mean Square Error (RMSE), standard deviation,
and correlation coefficient, were used to analyze aerosol optical properties over

multiple years.

Based on AERONET data, the four metrics aerosol optical depth (AOD), precipitable
water (PW), angstrom exponent (AE), and single scattering albedo (SSA) are presented
in this study. There was a maximum PW of 5.87 £0.12 cm in Lumbini in July and an
average of 3.25+0.21 cm, whereas the minimum was observed in EVK2_CNR with an
average of 0.23 +0.02 cm. An analysis of the AE can provide crucial information on
the size distribution of aerosols based on their dependence on a wavelength. Except for
EVK2_CNR, all observed stations have an average AE value greater than one. Jomsom
has the highest average (1.52 £0.18), and EVK2_CNR has the lowest (0.77+ 0.34). A
clear domination of fine-mode aerosols can be seen between 440 and 870 nm in the
wavelength range. There is a tendency for AOD to decrease with the altitude of the
geographical locations. Monthly average values of AOD 500 nm decrease with altitude
from Lumbini (0.71 + 0.19) to EVK2_CNR (0.04 + 0.01). Accordingly, Lumbini has
the highest pollution level, and EVK2_CNR has the lowest pollution level. SSA varied
between 0.79 and 0.96 for all observation periods except for EVK2_CNR, with an
average of 0.68+ 0.17 and varies between 0.27 to 0.98. Monsoon and post-monsoon

seasons have higher values, while winter and pre-monsoon seasons have lower values.
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SSA shows different monthly variations showing the variability of aerosol optical

characteristics.

The maps plotted based on MODIS data for AOD from 2015 to 2020 show that AOD
is highest in the southern part of the country, relatively low in the middle hills, and
lowest in the high mountains. Additionally, AOD is relatively lower in 2020, indicating
a reduction in anthropogenic aerosols due to the COVID-19 lockdown.

Pokhara's aerosol product time-series analysis from 2010-2018 shows lower aerosol
loading during the morning and evening compared to mid-day. As demonstrated by the
correlation between AOD at 500 nm and Precipitable Water level (PW) from December
to April (0.96), aerosol and water vapor accumulation in the atmosphere significantly
increases during the winter and pre-monsoon seasons and varies inversely from May to
November, with a correlation coefficient of -0.61. A five-day back trajectory cluster
analysis reveals that air masses reaching Pokhara valley comes from the Indo Gangetic
Plains (IGP) region during winter and West Indian plains (West India, Pakistan) during
the pre-monsoon when strong western disturbances prevail. During monsoon, most air

mass arrives east of the IGP region and the Bay of Bengal.

Analysis of daily average data for Global Solar Radiation (GSR) in Pokhara shows that
maximum GSR values gradually increased from January to March, then decreased in
April, then increased again in June. It gradually decreases from July to December.
Almost all months had mean values that were lower than their median values. March
has the highest average [19.19+4.61 MJ/m?], and January has the lowest average
[9.31+4.39 MJ/m?] with yearly average [14.48+4.31 MJ/m?]. Comparison of GSR data
with AOD data shows, the amount of solar radiation reaching the ground decreased

with an increase in aerosol loading in the vertical column.

While investigating the reliability of PurpleAir measurements, this study compares
column-integrated aerosol data from MODIS with surface-level aerosol concentration.
PurpleAir Hourly averaged PM:s levels fluctuate bimodally in all seasons, with the
peak values in the rush hours of morning and evening. In Pokhara, PM2 s values range
from a minimum of 22.78 +3.23 pg m~3 in the summer to a maximum of 101 +26.31
pg m=3 in the winter. During pre-monsoon and post-monsoon, it was observed to be
55.58 +11.42 pg m= and 45.46 +12.16 pg m~ respectively. During the summer, PMz

levels are lowest due to rain and diffusion in the vertical atmosphere.
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CHAPTER 1

INTRODUCTION

Nepal is situated in the Himalayan region, which is renowned for its unique topography
and complex atmospheric conditions. As a result of the country's high mountains and a
variety of land use patterns, including forests, farms, and urban areas, Nepal has
extremely variable aerosol properties and distribution, making it a crucial place for
researching how aerosols behave and affect solar radiation. The population and
economy of Nepal are rapidly growing, with increasing industrialization, urbanization,
and energy use. It is critical to comprehend how these changes will affect the nation's
energy balance and climate as a result of the possibility for large changes in the
atmospheric aerosol distribution and attributes. Not only this, the effect of aerosols on
solar radiation and the Earth's energy balance is a worldwide issue, and a greater
understanding of their characteristics and behavior in various places can offer important
insights into their overall effect. The findings of this study can assist Nepal establish
climate and energy policies and reduce the negative effects of aerosols on solar
radiation. The study can help us understand the function of aerosols in the Earth's
climate system and provide crucial information for decision-making by describing the
physical characteristics of aerosols in Nepal and evaluating their effect on solar
radiation. So that it is essential to precisely characterize aerosol physical characteristics

in order to assess how they affect solar radiation and the climate of the Earth.

1.1 Aerosols

Aerosols are fine solids or liquids suspended in a gaseous medium. In the atmosphere,
aerosols, which are embedded naturally and artificially, influence solar radiative
forcing (Aryal et al., 2014). The most common natural aerosols are fog, dust, sea salt,
forest exudates, and geyser steam, and the most common anthropogenic aerosols are

haze, particulate air pollutants, and smoke (Hinds, 1999).

Particles with dimensions ranging from a few nanometers to about 100 micrometers are
highly concentrated in urban areas (Seinfeld & Pandis, 2006). Primary particulate
emissions from traffic, industry, power generation, natural sources, and gas-to-particle

conversion are some of the origins of these aerosols (Salby, 1995). Aerosol particles



from combustion sources, like vehicles, burning wood, and power generated, can be
very small that measures up to 1 micrometer (um). However, windblown dust, plant
fragments, and pollen are usually greater than 1 pum in size. It is possible to
mathematically represent atmospheric particulate size distribution by describing
aerosol size distributions, such as the lognormal aerosol distribution (Seinfeld &
Pandis, 2006). According to Jaenicke, (1993), urban, rural, desert, and marine aerosols
have different model aerosol size distribution characteristics. Distribution parameters
varied due to the transportation or injection of different aerosol compositions over these

areas.

1.1.1 Types of Aerosols

The characteristics of aerosol populations, such as their size distribution, chemical
composition, and shape, vary significantly with space and time (Boucher, 2015).
Human activity contributes significantly to aerosols globally, resulting in severe health
issues in highly populated areas. Anthropogenic aerosols can also cause local or
regional climate change. Aerosols reflect sunlight into the atmosphere and lower the
earth's surface temperature. As far as the visible range is concerned, light scattering
processes predominate over light absorption; however, for the total radiation balance,
light absorption must be considered. As wavelength decreases, aerosol absorption
generally increases (Aryal et al., 2014). Aerosols can be classified in several ways

according to their properties.

1.1.1.1Primary and secondary Aerosols

Primary aerosols are generated directly in the atmosphere by natural and anthropogenic
processes. Examples are wind-borne dust, sea spray, biogenic aerosols, industrial
aerosols, wind-driven particles from agriculture, fossil fuel combustion, waste, and
biomass burning. The secondary aerosol formation process involves the transformation
of atmospheric pollutants into condensed phases (liquid or solid). Secondary aerosols
mainly consist of sulfates and nitrates formed due to the condensation of sulfur- and

nitrogen-containing gases (Tomasi & Lupi, 2017) as shown in Figure 2.



1.1.1.2 Aerosols based on location

Environmental factors significantly affect the spatial distribution of aerosols. There are
many types of aerosols, including urban aerosols, semi-urban aerosols, continental
aerosols, aerosols from desert, marine, volcano, and stratosphere are some examples.
However, they may mix with long-range particulate transport, so they may not
accurately represent the aerosols of the place. Local effects are only significant if they

dominate regional aerosols.

1.1.1.3 Natural and Anthropogenic aerosols

Aerosols can also be classified as natural or anthropogenic based on their origin. The
ocean, soils, vegetation, fires, and volcanoes are all natural sources of emissions.
Aerosols produced by the combustion of fossil fuels (e.g., coal and oil), biofuels
(including wood, vegetable oils, and animal waste), other fuels (e.g., peat), or
vegetation fires are anthropogenic aerosols. There are many sources of aerosols,
including industrial processes, transportation, heating, and even domestic activities

such as cooking in developing countries.

1.1.2 Physical Properties of Aerosols

1.1.2.1 Aerosol Size Distribution

The determination of aerosol optical properties requires accurate knowledge of aerosol
size distribution. The aerosol size distribution is usually represented by the number,
area, volume, and mass of aerosol particles per unit volume of atmospheric air (Seinfeld
& Pandis, 2006). The oversimplified consideration assumes the aerosol particles to be
spherical. But in practice, they are found to have a wide variety of shapes and sizes. So,
to describe the wide range in magnitude of particle sizes and visualize the aerosol
particles conveniently, the size of aerosol particles is often described with a logarithmic

scale.

The number size distribution of atmospheric aerosols can be represented by a
continuous function that expresses the number n (D) of particles per unit volume per
unit interval of diameter, expressed in logarithmic scale is given by Seinfeld & Pandis,
(2006).



dn(D) _ 1dn(D)
db ~ DdlnD

n(D) = 1.2)

The unit of n(D) in modeling is cm=>um™ with dimension L™,

It is used to calculate the attenuation per unit path length of light (aerosol extinction
coefficient) in the atmosphere.

The total aerosol concentration can be obtained by integrating over the size distribution:

N = [n(D)dD (1.2)

The Figure 1 shows the logarithmic distributions of aerosol particle sizes based on
numbers and volume distribution per unit volume of space per unit aerosol diameter
based on their sizes. It shows almost all the volume or mass contribution of aerosol
particles are due to the particles with diameters larger than 0.1 um but their number are

negligible whereas almost all the numbers of particles is of diameter less than 0.1 um.
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Figure 1: Atmospheric aerosol number, and volume distribution versus particle size (Seinfeld & Pandis,
2006)

Aerosol size ranges play a significant role in atmospheric physics and chemistry. It is

vital to know the source and size of aerosols to study their properties and impacts on



the atmosphere. As shown in Figure 2, water and ice aerosols can play an important
role in cloud and precipitation physics since they form cloud droplets and ice crystals.
By incorporating particulate matter into cloud droplets, these processes contribute to
removing aerosols from the atmosphere through the wet deposition. Figure 2 also

illustrates the gas-to-particle conversion process leading to secondary aerosols.
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Figure 2: Size range of aerosol particles in the atmosphere and their role in atmospheric

physics and chemistry (Tomasi & Lupi, 2017).

When describing aerosol optical properties and aerosol size distributions in the

atmosphere, the following size distribution functions are typically used:

Junge Power Law describes the aerosol size distribution (nx(D)) by a simple
dependence in D™, where Angstrom exponent (a) is generally between 2 and 3 and D

is limited to vary between two radii D1 and D2 (Boucher, 2015).

If N is the total aerosol concentration the Junge law can be expressed as:



0( Dl DZ
D2 Dl

nx (D) = D¢ (1.3)

It can explain the spectral dependence of aerosol light scattering properly but can’t
explain for the size distribution to small sizes (r < 0.1 um) and describe a multimodal

size distribution.

A modified Gamma law can describe a large number of actual size distributions through
a rather large number of fitting parameters (Boucher, 2015).

n(p) = M2

S @D D“ exp(—fD) (1.4)

where o and S are Angstrom exponents and, vy is the mathematical Gamma function
that generalizes the factorial operator to real numbers.

The Log-normal distribution function is one of the most popular mathematical
functions for describing the distribution of atmospheric aerosol which gives a more
precise match to experimental data that can be applied in atmospheric particles. For
this, common form of unimodal distribution expressed in log base 10 is given by,
Seinfeld & Pandis, (2006).

___N log?(®/p)
Tl(lOg D) = \/ﬁloga exp <— m (15)
where N is the particle number concentration with a maximum at mean diameter D ,

and ¢ quantifies the width of distribution.

Hobbs, (1993) explained the sum of j log-normal size distributions as poly-modal

distribution given by ;

2log?o;

. logz D/_
n(logD) = ¥J_, F’Y;ga exp <—M> (1.6)

Here D, is the median diameter and o; is the standard deviation of ith log-normal mode.

Due to the dependence of aerosol optical properties on particle surface area and volume
distributions, it is necessary to express the size distribution in terms of surface area and

volume.

When the aerosol surface area density is ns (D), the ns (D) dD is the average size of the

aerosol particles per cubic meter of air that have diameters between D and D + dD.



Assuming that all particles are spherical with surface area m= D? and have the same

diameter D in this infinitesimally narrow size range, then we can write,
ng(D) = m D?ny(D) 1.7)
Here ns (D) is in pm cm™
Hence the total surface area S of the aerosol particles per cm?® of air is given by,
S =n [ D*ny(D)dD = ng(D)dD (1.8)
Here S is in pm? cm™,
In a similar manner volume distribution n;, (D) can be expressed as,
ny (D) = wD3ny(D)/6 (1.9)
Here ny (D) is in pm? cm3,
And the total aerosol volume V per cm? of the air is given by,
V=n/6[D3ny(D)dD = n,(D)dD (1.10)
Here V is in pm® cm3,

Additionally, the Volume Size Distribution has a significant role in the radiation budget
by directly interacting with it (Pillai & Moorthy, 2004).

In terms of log-normal function volume size distribution can be expressed as,

21n2(oy)

n, (In(D)) = dV/d In(D) = —--—exp (_ M)

Here Dv is the volume median diameter and g, is geometric standard deviation.

fInD————d (InD)
InD, = —=% o, (1.11)
jd(ln 554 (InD)

oy Is the standard deviation from volume median diameter.

[(nD-1nDy)2=—2 4 (In D)
oy = 7~ ddnD) (1.12)
fd(ln ) d(In D)

Cy is the volume concentration.



dv
Cv = [ 75r5;d (n D) (1.13)

For j modes volume size distribution is given by,

G ln2<D/Di>
J 1% _ )
i=1y2m Ing}, exp (1.14)

2 1n2 (aé)

ny(In(D)) =dV/d(InD) =

1.1.2.2 Effective Radius

Effective radius of aerosol particles is one of the very important parameters in the study
of radiative transfer and microphysical properties. Since the scattering and absorbing
of the solar radiation depends upon the particle size, the knowledge of its dependence

gives a better idea to understand the earth’s climate system.

Tmax ,.3 AN(1)
. _ frmin r’ oo dlnr
eff meax r2 dN(r) dlnr

Tmin dinr

(1.15)

1.1.3 Aerosol Optical Properties

When particles are exposed to radiation, their electric charges are excited and set into
an oscillatory motion. As the electric charges are excited, they reradiate energy in all
directions, resulting in a process called scattering and absorption, which increases the
thermal energy of the system. The aerosol optical properties are determined by how
light is scattered and absorbed when incident on aerosols. Aerosol extinction (Q ext) is
the amount of radiation that is scattered (Q sca) and absorbed (Q abs) by aerosols and is

given as,

Qext=Qscat Q abs (1.16)

Aerosol optical properties can be represented using several parameters. The most basic

parameter is aerosol optical depth 7 (A) at a wavelength A, which is given by,
7= [opdx (1.17)

where o is the mass extinction cross-section of the matter contained within the path
length dx, and p is the density of the attenuator present along dx. In general, optical

depth decreases exponentially with radiation intensity. If initial intensity of radiation is



lo (1) that travels a thickness dx with an optical depth (z), then final intensity (I) is

given by Beer-Lambert law,
() =Io(A) e™ (1.18)

Since 7 depends upon wavelength and number density of the attenuator, total
attenuation of radiation is obtained by taking into account all types of attenuators.

Hence
T (1) = T Rayleigh(1)+7 Ozone (1)+ T aerosol (1)+7 cloud (1)

where 7 Rayleigh (1), T Ozone (4 ), T aerosol (4 )and 7 cloud(/ ) are the
optical depths due to fine particles, ozone, aerosols and clouds present in the medium
respectively (Bhattarai et al., 2006; Holben et al., 1998b).

1.1.3.1 Phase Function:

The angular distribution due to scattered radiation is described by the phase function.
It is a dimensionless quantity and described as normalized scattering function. In the
case of a spherical particle, it depends only on the scattering angle. The phase function
P (®) is normalized to 2 by the relation (Boucher, 2015).

J, P(0)sin@ do = 2. (1.19)

Where @ is scattering angle between the directions of propagation of the incident and
scattered beams.

If phase function is defined as the function of cosine of scattering angle, x = cos @ then,

above equation can be written as,

[} PWdu =2 (1.20)

1.1.3.2 Asymmetry Parameter

Asymmetry parameter (g) measures the degree of symmetry between forward and

backward hemispheres of the first order moment of phase function (P)
1
g=J P udu (1.21)

i) For g =1, all the scattered radiation in the forward direction;



i) For g =—1, all the scattered radiation in the backward direction;

iii) For g is = 0, forward scattering is equal to backward scattering.

1.1.3.3 Refractive Index

The interaction of aerosols with light is governed by their refractive index which is
defined by the ratio of the speed of light in vacuum to its speed in medium. The
refractive index affects the scattering and absorption of light by aerosols, which in turn
affects visibility and climate. For instance, the refractive index of dust particles in the
atmosphere affects the way sunlight is scattered, which can lead to changes in
temperature and precipitation patterns (Kokhanovsky et al., 2017).The complex
refractive index is expressed as:
m=n+ik (1.22)

where n is the real part of the refractive index, which represents the speed of light in
the medium, and K is the imaginary part of the refractive index, which represents the
absorption of light by the medium. Different aerosol particles have varied complex
refractive indices depending upon the chemical makeup of the aerosol and wavelength
of the light.

1.1.3.4 Single Scattering Albedo

The ratio of scattering to the extinction of light radiation is defined as single scattering
albedo (wo). It is a dimensionless quantity that explains the probability of scattering a

photon after interaction with an aerosol particle, which is given by:

g = dsco — _Txen_ (1.23)

Qext TscatTabs

where, 7., and 7, are the aerosol scattering and absorption optical depths.

From equation (1.23) if, w, = 1, the probability of scattering is 100% and absorption
is zero. And if, w, = 0.5, then both the scattering and absorption have equal

probabilities.

1.1.4 Atmospheric Solar Heating Rate

Atmospheric gases absorb solar radiation causing heating in the atmosphere that suffers

multiple scattering. To understand this, let us consider a plane parallel absorbing and

10



scattering atmosphere. When spectral radiation of intensity Fe is incident on the top of
the atmosphere, then the downward flux density normal to it is given by uo Fo. Let the
spectral downward and upward flux densities centered at wavelength 4 be denoted by
F| and F1 respectively as shown in Figure 3, then the net downward flux density at a
given height z is defined by (Liou, 2002).

F(z) =Fl(z) - F1(2). (1.24)

The loss of flux density from upper layers to lower layers is given by the net flux density

divergence for the differential layer,
AF(2) = F(z) — F(z + A2). (1.25)
Here Az is the differential thickness within the atmosphere.

According to the energy conservation principle, the energy absorbed must be equivalent
to the rise in layer heat. As a result, the rate of temperature change can be used to

express how much an air layer is heated as a result of radiation transfer.
AF(z) = —pC,Az L (1.26)
(2) = —pGC, zZo .

Here p is the density of air in the layer, Cp is specific heat at constant pressure, and t is

the time.

Local Zenith
1 O
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Fhz) Flz)
p. 0 (0)

Figure 3: Schematic diagram to show total flux density along z, p and u coordinates (Liou, 2002).
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The heating rate for a differential layer Az is given by,

oT 1 AF(2)

E - pCy Az

(1.27)

Aerosol particles can, directly and indirectly, affect the ground level UV irradiances.
The direct impact of blocking UV radiation is absorption and scattering. The aerosol
also contributes indirectly by acting as cloud condensation nuclei and forming clouds,
blocking the transmission of UV radiation to Earth. Liou et al., (1991), have estimated
the variation of solar irradiance in the UV range (280 nm-315 nm) based on aerosol

concentration.

This study of solar UV radiation is dramatically increased after the discovery of
declines in global concentration of the thin ozone layer over the Antarctic. Despite this,
much effort has been made to study the effects of increased UV on the surface of the
earth (Bhattarai et al., 2007).

1.2 Fundamentals of Solar Radiation

Global solar radiation consists of diffuse and direct solar radiation. The atmosphere
diffuses solar radiation through aerosols, water vapor, molecules of air, and clouds.
Moreover, direct beam solar radiation reaches the Earth's surface without being
diffused. Our study focuses on the impact of aerosols on solar radiation. The significant
factors that affect solar radiation and the methods used to measure it are outlined

below:

1.2.1 Solar Zenith Angle (SZA)

Solar Zenith Angle (SZA) is the sun's angle with the zenith at the observation point,
which indicates where the sun is at any given time. The amount of solar radiation
reaching the earth's surface varies with time. Besides this, many other factors affect
radiation levels on the ground (Dahlback, 1996; Duffie & Beckman, 2013; Madronich,
1993). With an increasing SZA, a horizontal surface on earth experiences a decrease in
radiation intensity. It occurs because incident radiation is proportional to the cosine of
the angle between the beam radiations and normal to the surface, resulting in the cosine
effect, and the relative path length of the beam increases as the sun descends in the sky
(Kerr, 2005).

12



1.2.2 Atmospheric Ozone

Although having a very low atmospheric concentration, ozone is essential to human
survival. Around 90% of the ozone in the atmosphere is present in the stratosphere.
This layer is located between 16 and 48 km in altitude (Barnes & Mauersberger, 1987).
Below than the stratospheric layer, in the troposphere, is where the remaining ozone is
located. The term "good ozone" refers to stratospheric ozone, which filters out some of
the sun's physiologically hazardous UV rays.

On the other hand, ozone that is close to the surface is a dangerous air contaminant.
Hence, it harms all living things. Ozone molecules significantly reduce the UVB
wavelengths of sun light by several orders of magnitude (290-315 nm). Molina &
Molina, (1986) claim that the scattering cross-section is temperature dependent.

1.2.3 Cloud

The attenuation of solar radiation by clouds depends on the wavelength (Seckmeyer et
al., 1996). Cumulonimbus clouds reduce solar radiation received at the surface. Solar
radiation changes nonlinearly with cloud cover. The effectiveness of scattering from
the sides of the cloud can increase by up to 25 percent, however, when the sun is not
obscured by the cloud (Kylling et al., 2000; Sabburg & Wong, 2000). In addition, a
broken cloud complicates the comparison of ground-based and satellite measurements

of surface irradiance estimation.

1.2.4 Albedo

The surface albedo is the amount of solar radiation that is reflected into the atmosphere
when it falls on the earth's surface. In some cases, reflected radiation is re-reflected to
the surface of the earth due to aerosols in the atmosphere, causing multiple reflections
between the earth's surface and the atmosphere. As a result, the earth's surface receives
more radiation. In quantitative terms, surface albedo coefficient is the ratio of upward
spectral irradiance to downward global irradiance. Its coefficient ranges from 0 to 1,
and a value of 1 indicates that all downward global radiation is reflected. According to
Blumthaler et al., (1994), only spectral albedo is affected by wavelength and surface
type for the visible range. Most rough soils have a smaller albedo coefficient in the UV
range than in the visible range, whereas grassland behaves differently (McKenzie et al.,
1996). Snow's effect on UV radiation has been demonstrated by Fioletov et al., (2002)
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based on satellite measurements. The study shows that the albedo coefficient for fresh

snow is 0.8 in the visible region and 0.9 in the UV region.

1.2.5 Altitude

Global solar radiation is significantly affected by altitude (Blumthaler et al., 1997;
Poudyal et al., 2010). In the atmosphere and on snow-covered surfaces, solar radiation
increases with altitude due to the reduction in air molecules, ozone, aerosols, and
clouds. Therefore, there are several factors that determine dependence. WMO, (2002)
suggests that solar radiation at higher altitudes is dependent on SZA and wavelength
changes. Also, a large portion of the population lives at altitudes of up to a few
kilometers above the sea level and cause the different atmospheric pollutions at
different altitudes. Altitude effect refers to the increase in solar radiation flux with
height. Accordingly, the higher altitudes also have a greater altitude effect relative to

valley sites because more turbidity per km increases as altitude increases.

1.3 Objectives of the Study

In this thesis, we present results from comparing various aerosol optical and physical
properties obtained at various places in Nepal, such as Kathmandu, Lumbini, Pokhara,
Langtang, and the Himalayan site EVK2-CNR Pyramid at 5079 m asl (above sea level)
which are part of National Aeronautics and Space Administration (NASA) based
Aerosol Robotic Network (AERONET) (http://aeronet.org). Additionally, we examine
aerosol characteristics at the surface level and the column-integrated satellite-based
MODIS aerosol optical depth. Aerosol optical depth, Angstrom Exponents, and aerosol
inversion product single scattering albedo are used for comparing and analyzing to
represent the aerosol characteristics over Nepal. Mie scattering theory is applied to
calculate the aerosol optical depth of size-segregated aerosols. The Mie scattering
calculation was conducted using Fortran-95 code and input parameters obtained from
aerosol inversion products from the AERONET website, which included aerosol size
distribution and refractive indices values. PurpleAir monitors, which contain two Plan-
tower PMS 5003 sensors, monitor particulate matters of less than 1 micron (PM3), 2.5
microns (PM2:), and 10 microns (PM1o). We installed PurpleAir monitors in Pulchowk
and Pokhara for 2020-2021 and obtained particle concentrations and meteorological

data from its website. As part of this thesis, we also present the global solar radiation
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(GSR) measurement at the horizontal surface. This thesis's methodology (chapter 3)
and results section (chapter 4) discuss detailed measurement techniques and results. In
summary, the main objective of this research is to analyze fundamental physical and
optical properties of aerosols and investigate their trend of impact on global solar
radiation in Nepal by using various instruments and mathematical techniques and

mainly we list them as,
Specific Objectives

e To compare the ground-based aerosol concentrations with satellite-based

aerosol optical data.
e To analyze the variation trend and impact of aerosols on global solar radiation
e To study the seasonal and altitude variation of Aerosols in different parts of Nepal.
1.4 Outline of Thesis
The thesis is focused in the study of aerosol physical and optical properties over Nepal.

Various direct and indirect impacts of aerosols on solar radiation and finally to

atmosphere is studied and presented. It is organized in different chapters as follows,

Chapter 1: This chapter discusses the basics of aerosols, their types, sources, size,
physical and optical properties to study the impact on solar radiation and

hence on atmospheric variations.

Chapter 2: It is focused to review the literature on impact of aerosols in local, regional

and global scale to identify their pattern and to identify the research gap.

Chapter 3: It describes the various devices for the measurement of aerosol properties,

particulate matter concentration and theory involved to explain them.

Chapter 4: The results obtained from the research work has been interpreted and
discussed with necessary validation from previous works is presented in

this chapter.

Chapter 5: This chapter describes the conclusion and future recommendations of the

research work.

Chapter 6: It gives a brief summary of the results obtained from the research work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Review of Articles

We know aerosols significantly influence the Earth’s climate directly by scattering and
absorbing the solar and terrestrial radiations and indirectly by modifying the cloud
macro- and micro-physical properties. Even though aerosols make up less than one
billionth of the total mass of the atmosphere, they have a significant impact on how
radiation is transmitted through the atmosphere. Urban aerosols have a significant
impact on the extinction of solar radiation on a local scale, but they also have an impact
on atmospheric long-wave radiation, which is crucial for the local energy balance.
Because of this, understanding aerosols is crucial for understanding both the current
climate and potential future climate change. The volume, nature, characteristics, and
effects of aerosols vary significantly depending on location and time of day, which is a
very intriguing fact. Therefore, there is still a great deal of uncertainty in the
identification and forecasting of aerosol features and effects.

Several researches have studied the microphysical properties and aerosol optical depth
(AOD) of different background aerosols (Boucher, 2015; Holben et al., 2001; Moody
et al., 2014; Poudyal et al., 2012) .The review paper by Liu et al., (2014), presents that
aerosol optical properties are crucial for understanding aerosols' impact on climate
since aerosol radiative effects can be positive (warming effect) or negative (cooling
effect). It has been reported by Myhre & Shindell, (2013) and other investigators that
atmospheric aerosols influence Earth's atmospheric radiation budget due to their direct
scattering and absorption properties (Papadimas et al., 2012). Tripathi et al., (2007)
examine the aerosol effect on the climate over the Indo-Gangetic plain, a northern India
region, including the southern Terai region of Nepal. Xu et al., (2014) presented
aerosols' physical, chemical, and optical properties in Himalayan sites of China and
Nepal. This study shows that the aerosol optical properties in the Himalayan Mountains
fluctuate over the seasons and are associated with air pollution over south Asia,

indicating long-range transport of air pollution.
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Similarly, some studies have examined the chemical composition of Himalayan
aerosols (Bonasoni et al., 2008; Guo et al., 2017; Mahapatra et al., 2019; Sellegri et al.,
2010; S. Shrestha et al., 2017; Tripathee et al., 2016; Wan et al., 2017). Cho et al.,
(2017) reported a cluster of high aerosol concentrations which occurred during the pre-
monsoon season, a period in which distinct seasonal variations are closely related to
regional-scale monsoon circulations over South Asia and emissions in the Kathmandu
Valley. Based on our review of previous publications on aerosol dynamics in Nepal,
we see that long-term aerosol datasets at the surface level and in the atmospheric-
column is still needed to understand Nepal's air pollution and aerosol characteristics.
Through a detailed analysis of the seasonal variations in aerosol transport across Nepal,
we can comprehensively understand aerosols at multiple spatial and temporal scales
over the atmosphere of Nepal. Over the different locations in Nepal, studying the
temporal variations of aerosol concentration and aerosol optical properties will provide
more accurate information about the overall air pollution sources. A long- term aerosol
research from various locations will provide insight into regional aerosols reaching the
foothills of the Himalayas and remote locations in the high Himalayas of Nepal. A few
studies have examined the air quality and aerosol loading trends previously in
Kathmandu indicate that mountains often block local emissions generated by horizontal
winds in cities surrounded by mountains (Aryal et al., 2009; Islam et al., 2020;
Mahapatra et al., 2019; Panday & Prinn, 2009). Therefore, various studies of the optical
properties of aerosols at different stations support learning how they are affected by air

pollution and the impact of transboundary air pollution over Nepal.

Aerosol optical measurements, such as the Sun Photometer within AERONET, have
been used in many studies to analyze the characteristics of aerosols in different parts of
the country(Adhikari & Mejia, 2022; Bhattarai et al., 2019; Bonasoni et al., 2008, 2010;
Dhungel et al., 2018; Dumka et al., 2014; Gautam et al., 2011; Putero et al., 2018; Rai
et al., 2019; Ramachandran et al., 2020; Ramachandran & Rupakheti, 2020; Regmi et
al., 2020, 2021; Regmi, Poudyal, Pokhrel, Barinelli, & Aryal, 2019; Rupakheti et al.,
2017; Rupakheti, Kang, Cong, et al., 2018a; Sellegri et al., 2010; Shrestha et al., 2020;
Singh et al., 2019; Wan et al., 2017; C. Xu et al., 2014). Some studies have also
examined atmospheric compounds and pollution levels in the Kathmandu valley (Aryal
et al., 2009; Cho et al., 2017; Islam et al., 2020; Kim et al., 2015; Mahapatra et al.,
2019; Panday & Prinn, 2009; Sarkar et al., 2017). Despite this, there have not been any
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studies or publications comparing aerosol optical properties with the microphysical

characteristics of the atmosphere over the different locations in Nepal.

Satellites provide information on the spatiotemporal characteristics of aerosols, and
study reveals that the instruments cannot provide an in-depth picture of aerosol
properties at a regional scale and are subject to significant uncertainties compared to
ground-based instruments (EI-Metwally et al., 2011). A comparison of Satellite-based
aerosol optical data and ground-based aerosol measurement can provide information
about the reliability of remote sensing data. As a result of all the above observations,
observing aerosols over Nepal's various locations and comparing surface level and
column integrated aerosol characteristics is very important to determine the effect of
temporal variations of aerosols on total solar radiation at a regional scale. Comparing
surface level and column-integrated aerosol characteristics will give a clear picture

while studying the climatology of Nepal.

2.2 Statement of Problem

The northern Himalayan location and dense population of the southern Indo-Gangetic
plain of Nepal make it important to study aerosol characteristics in Nepal to determine
the source of air pollution. Variations in topography and atmospheric conditions affect
solar radiation reaching the ground. There is a significant difference in altitude between
60.0 and 8848.86 meters, along with differential temperatures of 45° Celsius.
Kathmandu city is a bowl-shaped valley surrounded by mountains in Nepal's capital.
Several other cities with large populations, such as Pokhara, are pollution pathways to
the Himalayas. Located on the Indo-Gangetic Plain and with severe air pollution,
Lumbini is also an important place to study mixed atmospheric pollution in Nepal and
compare it to other cities (Chen et al., 2016; Rupakheti et al., 2017; Rupakheti, Kang,
Rupakheti, et al., 2018; Wan et al., 2017). In larger cities, low visibility is becoming a
challenging problem of urban atmospheric pollution. Besides scattering and absorbing
solar radiation, particle, and gaseous pollutants also negatively affect visibility (Gautam
et al., 2013; Gautam et al., 2011; Han et al., 2012; Latha & Badarinath, 2004; Saikawa
et al., 2019). In addition to direct measurements of solar radiation at multiple locations
in Nepal, long-term analyses of aerosol optical properties and long-range transport of
aerosols will significantly impact Nepal's climate. Previous studies report the

significant impacts of transportation of dust aerosols on the cloud microphysical
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properties. Basically, biomass burning and dust storms in IGP region gets transported
to the southern slopes of Himalayas to contribute aerosol loading which on mixing with
local pollution sources increases the pollution to a high level (Adhikari & Mejia, 2022,;
Becker et al., 2021b; Dumka et al., 2014; Jethva et al., 2019; Ng et al., 2017)(Khanal
et al., 2022; Das et al. 2020). The impact of transboundary aerosols on Himalayas is of
rising concern to study the pattern of climate change(Adhikari & Mejia, 2022; Bonasoni
et al., 2010; Chatterjee et al., 2012; Gautam et al., 2013; Gautam et al., 2011; Ldthi et
al., 2015; Putero et al., 2018; Rupakheti, Kang, Cong, et al., 2018a; C. Xu et al., 2014).
Thus, it is necessary to examine temporal and spatial aerosol properties, surface and

column aerosol properties, long-term aerosol optical data, and transboundary aerosols.

2.3 Research Gap

Investigation of temporal and spatial aerosol properties, surface and column aerosol
properties, long-term aerosol optical data, and transboundary aerosols is essential for
understanding atmospheric behavior, radiation budget, climate pattern, and pollution

level of a region.

long-term data are not available
e study is focused only in limited places.

e comparison and validation of different levels of data (surface, ground level and

satellite) is lacking in this region.

e source of origin of Transboundary aerosol analysis is missing.
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CHAPTER 3

MATERIALS AND METHODS

This section will discuss various techniques we have implemented to study the overall
characteristics of aerosols in the atmosphere in Nepal. The main observation
techniques, the mathematical techniques for analyzing the aerosol optical properties,
and the various observation sites of Nepal covering the regional and geographical areas
are mainly presented in this section. As part of this study, we used aerosol direct and
inversion products from the Aerosol Robotic Network, a NASA-based observation that
studies aerosol optical and microphysical properties. Our surface-level and column-
integrated aerosol data analysis includes MODIS satellite measurements, CMP6
Pyranometer, and PurpleAir sensors. As a result of using NASA's remote sensing data,
we have analyzed the surface-to-column integrated observations to determine the
optical and microphysical characteristics of aerosols. This methodology uses the Mie
theory to calculate the atmospheric extinction of solar radiation, and we used cluster
analysis to study long-range aerosol transport analyzed based on air mass back

trajectories.

3.1 Aerosol Robotic Network (AERONET)

The Aerosol Robotic Network (AERONET) is a ground based-observation network
established by NASA (National Aeronautics and Space Administration). It aims to
monitor the global characteristics of atmospheric aerosols. Through a robotic Cimel
Sun Photometer, the program collects data from more than 800 stations across the
globe. The system is widely used for aerosol research and characterization, satellite
product verification, and data synchronization (https://aeronet.gfsc.nasa.gov).
AERONET measures in different spectral bands between 340 nm and 1020 nm every
15 minutes. In our calculations, level 2 and version 3 data have been used except for
the Jomsom inversion, which uses level 1.5 (cloud-screened) data. The inversion
product includes single scattering albedo, size distribution, phase functions, and
complex index of refraction. In version 3, sphericity, radiative forcing, and spectral flux

are also included.
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3.1.1 Cimel Sun Photometer

The CIMEL Sun photometer is a multi-channel, automatic sun-and-sky scanning
radiometer that measures the direct solar irradiance and diffuse-sky radiance at the
Earth’s surface. It works on the principle of Beer-Lambert-Bouguer law and calculates
the total aerosol load in the atmosphere. It has a 1.2-degree field of view and two
detectors for measuring sun and sky radiances. It is an active sun-tracking device in
which the position of the sensor head is adjusted by internal calculation based on time,
latitude, and longitude. It can be powered by solar panels in remote areas for full
automation. The data recorded is possible to send via satellite. It points directly at the
Sun during day time in every 15 minutes. The spectral data recorded undergoes cloud-
screening algorithm to limit the variability within the triplet data (Smirnov et al., 2000).
Spectral de-convolution algorithm is used to compute AE, coarse-mode, and fine-mode
contributions (O’Neill et al., 2001).

Figure 4: CIMEL Sun Photometer Deployed in AERONET Stations (Gregory, 2011).
During the day, the sun photometer records direct solar radiances at wavelengths of
0.34 um, 0.38 um, 0.44 pm, 0.50 um, 0.675 pum, 0.87 um, 1.02 um, and 1.64 um. Direct

spectral data are corrected for Rayleigh scattering, ozone absorption, and gaseous
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components to determine the aerosol optical depth (taop) (Holben et al., 1998a, 2006).
It also measures diffuse sky radiance at four different wavelengths 0.44 pum, 0.675 pm,
0.87 pum, and 1.02 um (Dubovik & King, 2000; Holben et al., 2001, 2006). These
measurements are used to retrieve aerosol inversion products, like single scattering
albedo, size parameters, volume size distribution. It gives three different types of data
quality levels, Level 1.0 (unscreened), Level 1.5 (cloud screened), and Level 2.0 (cloud-
screened and quality-assured) (Dubovik & King, 2000; Holben et al., 2006). Level 2.0
data is made available after the instrument is returned to NASA during annual swap
outs. All the AERONET products are automatically computed and uploaded on the
AERONET website (http://aeronet.gsfc.nasa.gov/). For the calculation of direct normal

solar irradiance (E) at the surface at a given wavelength is given by Bouguer’s law,

E = () exp(-my) (3.1)

where E| is the extra-terrestrial solar irradiance at a distance of one astronomical Unit
(AU), R is the sun-earth distance in AU at the time of measurement, m is the optical air

mass, and t; is the total vertical optical thickness (Gregory, 2011).

If the instrument voltage is V for irradiance E, the above equation can be written as,

Vo

V= (F) exp(—mty) (3.2
Where, 1, is the calibration coefficient

The uncertainty in computed AOD is found to be wavelength dependent and is larger
in the UV zone and is estimated to vary from £0.01 to +0.02 (Dubovik & King, 2000;
Holben et al., 19983; S. Kim et al., 2007).

3.1.2 Attenuation of Direct Solar Radiation:

The simple formulations describe attenuation of direct radiation by various atmospheric
constituents. An algorithm is presented by which direct and diffuse spectral radiation
arriving on the ground can be easily measured or computed. The equations are designed
to permit the atmospheric parameters such as ozone layer thickness, aerosols, turbidity,
and ground-level albedo to be varied independently.

When solar radiation enters the earth’s atmosphere, a few portions of the incident light

energy is removed by scattering and by absorption. The scattered radiation is called
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diffuse radiation. A portion of this diffuse radiation goes back to space, and a portion
reaches the ground. Both influence the extra-terrestrial spectrum by significantly
modifying the spectral energy passing through the atmosphere. The radiation arriving
on the ground directly in the line from the solar disk is called direct or beam radiation.
The spectral irradiance (direct and diffuse) arriving at the earth’s surface is very

important designing solar energy applications (Igbal, 1983).

Attenuation is the difference between the radiation's energy before and after the
encounter. Attenuation includes two processes that involve the absorption and
scattering of light. The interaction between radiation and matter is influenced by both
the radiation's wavelength and the physical characteristics of the particle involved. It is
well recognized that a location with many of these attenuators has the potential for

greater attenuation.

3.1.3 Aerosol Optical Depth (AOD)

The quantitative measurement of extinction of solar radiation due to scattering and
absorption of aerosol particles is defined as aerosol optical depth. Angstrom's

parameters, o and B (Angstrém, 1961), are related to AOD as,
ta0D(M) = L (3.3)

a in Eq. (3.3) is the wavelength exponent which represents aerosol size distribution in
the atmosphere. And B is the turbidity coefficient that gives the aerosol number
concentration in vertical column of the atmosphere. Normally value of a is 1.3 but may
vary from 0 to 4. The larger value indicates higher ratio of small to coarse particles and

smaller value means just opposite.

At a wavelength, A = 1um, we have

taoD(A) = B. (3.4)
On taking log of equation (3.3), we get,

Intaoo(M)=InpB—alni (3.5)

It gives the values of Angstrom's parameters o and B, with uncertainty, from least square
analysis. The turbidity parameter, B, depends on the concentration of aerosols over the

atmosphere. The value of f may vary from 0.0 to 0.5. Clean atmosphere is indicated by
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the value of B less than 0.1 and is hazy if the value of B is greater than this. The higher
values of B means the higher amount of aerosol present in the atmosphere (Igbal, 1983).
From Eq. (3.5), the negative of the slope of taop with wavelength in logarithmic scale
is the angstrom exponent (o).

From Eqg. (3.5), we can write (also known as Volz method),

In( (A2))
__ din(taop@) _ ln( niraopifz TAODO\l)) (3.6)

- In (A
d(ln2) n ( 2)/1n(xl)

Where t50p (A1) and tpop(A;) are AODs at wavelengths A, and A,. The deviation of
observed data from linear fit line (Eq. 3.5) will be verified by second order polynomial
fit for taop spectra with coefficients of polynomial fit a,, a;, and «,, which can be
utilized to account for the curvature on spectral variation of taop in logarithmic scale
(Eck et al., 1999; King & Byrne, 1976). Prior studies have reported that same o can be
obtained from different aerosol size distribution, however, by using second order

polynomial fit we can detect the differences (Schuster et al., 2006).
In7,0p(1) = ay(In )% + a; (Ind) + «, (3.7)

Here, we are presenting coefficient a, to display the curvature of taop Spectra in the
logarithmic scale. The second derivative of log of taop with respect to log of
wavelength gives the measure of the rate of change of the slope with wavelength. It is

obtained by using second order polynomial (Eq.3.7),

p_ GQa _d [d (Intaop @)
a = d(ny) d(Ind) d(lnl)

] = —2a, (3.8)

Curvewith a, < 0 and a’ > 0 will be representing aerosol size distribution dominated
by fine mode and with a, > 0 and a’ < 0 will indicate size distribution dominated by
the coarse mode (Eck et al., 2001; Reid et al., 1999).

Along with the analysis of spectral taop, computation of Angstrom Exponent
Parameter, the Spectral Single Scattering Albedo (SSA), Absorption Aerosol Optical
Depth (AAOD), and Absorption Angstrom Exponent (AAE) are also presented in this
study for analyzing aerosol types over the atmosphere (Aryal et al., 2014; Kaufman,
1993). The aerosol Single Scattering Albedo is the fraction of the aerosol light

scattering over the extinction;
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SSA (w) = == (3.9)

ost0og

Where o, is aerosol scattering coefficient and a,, is aerosol absorption coefficient.

Previously it has been illustrated that the significant presence of urban-industrial
aerosols and biomass burning will develop a graph of a negative slope of SSA. i.e., the
curve decreases with increasing wavelength, while the dust type of aerosols gives
positive slope SSA increases with increasing wavelength (Mallet et al., 2013). Another
important parameter, AAOD is also considered for detecting the absorbing type of
aerosol, which contributing to the total attenuation of light. The dominant effect of
scattering effect of aerosol on total aerosol optical depth can be linked with the

absorption effect of aerosols by,
AAOD(A) = AOD((A) x (1 —SSA((L) (3.10)

This mathematical equation conveys the understanding of overall aerosol loading over
the observation site with spectral SSA and AAOD.

Another striking feature of aerosol composition is exhibited by tapping spectral AAOD

data and implementing power law,
AAOD = KAAAE (3.11)

In this study, we have implemented seasonal variability of AAE by using monthly mean
AAOD spectra. There are various studies in aerosol climatology for identifying aerosol
characteristics by using AAE values obtained from linear fit in log-log scale between
AAOD and A (Bergstrom et al., 2003).

3.2 CMP6 Pyranometer

The total solar radiation on a horizontal surface is measured using CMP6 first class
Pyranometer. It is designed by Kipp and Zonen, The Netherlands. It is ISO 9060
certified device that consists of sixty-four thermocouple junction sensing elements.
Quiality of absorption and long-term stability is ensured by coating the sensing element
with  highly stable carbon based non-organic coating  (https://www.
kippzonen.com/Product/12/CMP6-Pyranometer#). It consists of double glass dome
attached on a metal body along with sensor, sun shield and bubble level as shown in

Figure 5. Whenever sunlight is incident on the Pyranometer sensors, thermoelectric

25



current is generated. The strength of the sunlight decides the strength of the current,

which is used to measure the electromagnetic radiation of various wavelengths.
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Figure 5: CMP6 - Pyranometer (Kipp and Zonen), 2019

The CMP6 first class Pyranometer has the operating temperature from -40 “Cto80°

C. It has wide spectral range of measurement from 285 nm to 2800 nm. The sensitivity

of instrument and field of view are 5 to 20 pV/W/rn2 and 180 respectively. The
response time of device is 18 seconds. In this instrument, the measuring data is recorded
by LOGBOX SD data logger within a minute resolution for 24 hours. Its special
features are low noise, high resolution and low power consumption. It works in all
weather conditions. It collects the data at real time for the needs of meteorology and
slow signal analysis. We can insert the SD memory card for long term data storage. For
the communication LOGBOX uses either RS232 or RS485 communication port.
According to Manual Enviro-data, (1982), the level of accuracy of the device is £5%.

3.2.1 Solar Geophysical parameters
In any location on the earth, the sun moves in a predictable trajectory. The geometric
relationships between a plane of any particular orientation relative to the earth at any

time, whether that plane is fixed or moving relative to the earth and the sun’s position

relative to that plane is shown in Figure 6.
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Figure 6: (a) Zenith angle, slope, surface azimuth angle, and solar azimuth angle for a titled
surface and (b) Plane view showing solar azimuth angle (Duffie & Beckman, 2013).

(a) Latitude (o)

The angular location is the angle made by the radial line joining the given place to the
center with the equator plane. It can vary from -90° to + 90° By convention, the latitude

is positive for the northern hemisphere and negative for southern hemisphere.

(b) Slope (B)

It is an angle made by the plane surface with the horizontal. It varies from 0° to 180°

surface.
(c) The hour angle (®z)

It is the angular measure of time, is equivalent to 15° per hour. It varies from -180° to
180°. The measuring time is adopted from noon based on the local solar time, being

positive in the morning and negative in the afternoon.
(d) Zenith Angle (0z)

It is the angle between the sun’s ray and the perpendicular line to the horizontal plane.
By convention, the displacement for east of south is negative, and west of south is

positive.
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(e) Solar altitude angle (as)

It is an angle between the horizon and the line to the sun. This angle is the complement

of the zenith angle.
(F) Surface Azimuth Angle (y)

It is the angle in the horizontal plane, between the line due south and the horizontal
projection of the sun’s ray on the horizontal plane. It is taken as positive when measured

from the south towards west. The ranges of angles are from -90° to 90°.

(9) Solar azimuth angle (ys)

The angular displacement from south of the projection of beam radiation on the
horizontal plane is shown in Figure 4. Displacements east of south are negative and

west of south is positive.
(h) Angle of Incidence (0)

It is an angle formed between the incident sun’s ray on a surface and the normal to that

surface.
(i) Declination ()

It is defined as the angular displacement of the sun from the plane of the earth’s equator.
It is positive when measured above the equatorial plane in the northern hemisphere.

The declination can be determined from the equation (Duffie & Beckman, 2013).
. 360
§ = 2345 sin (222 (284 + ) (3.12)

Where n is the day of the year. The earth rotates about an axis which makes an angle of
approximately 66.5° with the plane of its rotation around the sun. The declination angle
varies from maximum value of + 23.5° on June 21 to a minimum value of -23.5° on

December 22.

Equations relating the angle of incidence of beam radiation on a surface (6) to other

parameters are

cosf = siné sing cosP — sind cos¢p sinf cosy + cosd cosp cosf cosw +

cosd sing sinfl cosy cosw + cosd sinf siny sinw (3.13)
And
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cosO = cosB, cosp + sinb, sinf cos(ys —vy) (3.14)

There are several commonly occurring cases for which equation (3.13) is simplified.
For the fixed surfaces sloped toward the south or north that is with a surface azimuth
angle, the surface azimuth angle y of 0° or 180°, the last term drops out from equation

(3.13). For vertical surfaces, p=90°, the above equation becomes
cosO = —siné cos¢p cosy + cosd sing cosy cosw + cosd siny sinw (3.15)

For horizontal surfaces, 0; is zenith angle of sun. Its value must be between 0° and 90°
when the sun is above the horizon. In this case p = 0 and 6 tends to 6., then the equation
(3.13) becomes

cos8, = cos¢ cosd cosw + sing sind (3.16)
For a vertical surface facing due south, y=0and p=90°, then

cosf = —sind cosp + cosd cosw sing (3.17)
Then, equation (3.16) can be solved for the sunset hour angle ® = ws, and 6,= 90°

Then, c0s90° = 0 = cos¢ coss coswg + sing sind

or COSwg = —ﬁ—i:ﬁ = —tang tand
Finally, w, = cos™1(—tang tand) (3.18)

The number of day light (sunshine) hours is given by (Duffie & Beckman, 2013).

N = liscos‘l(—tangb tand) (3.19)

The variation of daylight hours for different days of the year is due to the variation of
latitude.

3.3 PurpleAir Sensor

We used a PurpleAir sensor to take real-time measurements of PMz1.9, PM25, and PM1o
concentrations. It is a small and handy device that can detect the particle sizes 0.3
micrometers to 10.0 micrometers of six different sizes. The six sides shielding of the
device gives high anti interference performance and optional direction for air inlet and

outlet.
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Figure 7: External (left) and bottom view (right) showing the inlet air flow and outlet air flow
along with a fan in two sensors of a Purple-air monitor (Regmi et al., 2022).

It possesses two PMS 5003 sensors to detect and count the number of suspended
particles in the air. One is BME 280 environmental sensor, and the other is ESP 8226
microcontroller. The BME 280 sensor monitors the units’ inner pressure, temperature,
and humidity. It can measure the temperature in a range of -40°F to 185°F (-40 °C to
85°C) and pressure in the range of 300 to 1100 hPa. Each PMS 5003 sensor has an
effective measurement range for PM_s concentration of 0-500 ugm™ with a resolution
of 1 ugm, and the maximum standard PMz s concentration is above 1000 ugm=. In
contrast, the ESP 8266 microcontroller communicates with both the PMS 5003 sensors
and with the Purple Air server over Wi-Fi, thereby allowing the PM concentration data
through an application programming interface (API) to view and download live on the

Purple Air map (https://www.purpleair.com/map).

3.3.1 Working principle

It works on the principle of laser scattering. When the laser passes through air, the air
particle reflects some light from the laser beam onto a detection plate. It measures the
reflection as a pulse, and its length determines the particle’s size. The number of pulses
measure the number of particles. Based on the Mie theory, the microprocessor
calculates the equivalent particle diameter and the number of particles with different

diameters per unit volume (https://www.purpleair.com/map).
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Figure 8: Functional Block Diagram of Purple Air 11-AP/SD sensor and an overview of the
PMS5003 ((Http://Www.Aqmd.Gov/Docs/Default-Source/ Aq-Spec/Resources-Page/ Plantower-
Pms5003-Manual_v2-3.Pdf)., 2021)

It is an advanced real-time dust monitor (aerosol monitor) accurately measuring dust
concentrations using proven light scatter technology. This portable instrument
accurately measures and records dust from 1-10,000 pg/m?® with resolution of 1 pg/m?®.
Sample modes are selectable between 60 second, 15-minute STEL, or continuous

sampling.

3.4 MODIS Satellite Measurement

MOPITT
CERES

(Source: ESA Earth Online Terra - eoPortal Directory - Satellite Missions)

Figure 9: Terra Satellite carrying MODIS and showing a coverage area

NASA launched the Moderate Resolution Imaging Spectro-radiometer (MODIS)
instrument on the Terra and Aqua satellites in 1999 and 2002, respectively. The Aqua
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satellite crosses the equator from south to north in the afternoon (around 1:30 PM),
whereas the Terra satellite orbits the earth from north to south in the morning (about
10:30 AM). With a daily swath of 2330 km, the Terra and Aqua MODIS see the whole
surface of the world while collecting data in 36 spectral bands between 415 nm and
14235 nm. The MODIS aerosol products offer attributes for both land (Kaufman et al.,
1997) and ocean (Tanre et al., 1997). The MODIS sensors take one to two days to
picture the cloud-free surface views after collecting imagery of the same spot on the
Earth three hours apart.

The level 1 radiance data and the higher levels of all ocean and atmospheric products
are distributed by the NASA Goddard Earth Sciences Distributed Active Archive
Center (Savtchenko et al., 2004). Aerosol attributes, atmospheric water vapor, cloud
properties, atmospheric profiles, and cloud mask are used to categorize the MODIS
atmosphere products (Dubovik et al., 2002). Level 2 data contains 5 different data types

in HDF file format for Terra and Aqua. They are described as follows:

e The aerosol attributes for optical thickness, aerosol type, particle size
distribution, mass concentration, asymmetry factor, cloud condensation nuclei,
angstrom exponent, and backscattering are provided by MODO04_ L2 for Terra
and MYDO04_ L2 for Aqua.

e The data for atmospheric water vapor over clear land areas of the earth, are
provided by MODO05 L2 and MYDO5_L2 over clear oceanic areas, and above

clouds over land.

e Cloud optical and physical parameters, including cloud temperature, cloud
pressure, height, phase, brightness, temperature, forcing, and surface
temperature, are provided by MODO06 L2 and MYDO06 L2. Additionally, it has
an effective radius, cloud reflectance, cloud optical thickness, and cloud water

path.

e The data for atmospheric profiles and stability indices provided by MODQ7 L2
and MYDOQ7 L2 include temperature, moisture, total ozone, and stability
indices. The estimated sum of the total tropospheric and stratospheric ozone

columns is known as total ozone.
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e The data for cloud masks provided by MOD35 L2 and MYD35 L2 include
global cloud masks, clear sky confidence levels (high confident clear, probably

clear, undecided, and cloudy), and identification for cirrus cloud.

The complexity of the Earth’s land surfaces makes it difficult for satellites to retrieve
the aerosol optical thickness over the land. Since the surface reflectance is variable with
place and wavelength, different algorithms are used to satellite datasets to separate the

surface and atmospheric scattering impacts.

According to Kaufman et al., (2002), MODIS aerosol retrievals over land are based on
the correlation of reflectance in visible light wavelengths. Dark surfaces offer high
contrast for observing aerosol because they reflect very little light at visible
wavelengths (Hansen et al. 1992). Two distinct methods are used by MODIS to perform
the aerosol retrievals, one for retrievals over land and the other for retrievals over ocean
(Remer et al., 2005). The Deep Blue algorithm was created specifically for retrieving
aerosols from bright surfaces like deserts and cities. The method was created to address
the issue of retrieving aerosol properties using the fact that desert surfaces seem
substantially darker in the blue channels (412 and 470 nm) than in the red (660 nm)
channel. The intensity at the top of the atmosphere is determined for a given surface
albedo by the Deep Blue algorithm using the measured radiances from each channel
and a radiative transfer model. The 412, 470, and 660 nm channels' surface reflectance
is calculated from a database using their geolocation (Hsu et al., 2004). The cloud
screening process is used to stop retrievals of pixels that have been tainted by the cloud.
Additionally, the TOMS aerosol index and the Deep Blue aerosol index (DAI), which
is a related measurement, are used to separate heavy dust layers from the cloud (Hsu et
al., 2004). To determine the best fit of the modeled radiance as a function of t and
single-scattering albedo, a Maximum Likelihood Estimation (MLE) is applied. Based
on the geographic location and time of the year, assumptions are made regarding the
prevailing aerosol model that is used for the retrieval. The Deep Blue algorithm generates
results with the spatial resolution of the satellite data (250-meter resolution). With the
added benefit of working over bright surfaces, the MODIS channels 8 (412 nm), 10 (470
nm), and 13 (660 nm) offer Deep Blue retrievals with a higher resolution than the typical
MODIS aerosol retrieval. The dry, semiarid, urban, and desert environments are among the
bright surfaces to which the Deep Blue algorithm can be used. In order to reduce errors and

improve the AOD (t) quality, MODIS aerosol products are routinely updated based on
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surface reflectance calculations, cloud mask, gas, and Rayleigh adjustments, and aerosol
model schemes. The C6 MODIS DT algorithm has been built with improved retrieval
capacity (Levy et al., 2015; Zhang et al., 2016).

3.4.1 Column MODIS AOD (t) and ground-level PM25 and Relative humidity factor

The atmospheric column is more affected vertically than horizontal atmospheric layers
by various atmospheric physical parameters such as temperature, atmospheric
humidity, atmospheric pressure, and transportation of aerosols from different sources
(Aryal et al., 2014; Xu & Zhang, 2020b). In this study, the vertical aerosol optical depth
obtained from satellite data is retrieved under the ambient conditions while, at the
surface level, the aerosol particle mass concentration is obtained from the purple air
monitor under dry conditions. The particle concentration observed in the ground level
(PM) with the dry sample can be expressed quantitatively (Xu & Zhang, 2020a).

PM = gnp Sy m3ngpy (r)dr (3.20)

Where n(r) is the dry aerosol size distribution function with the dimension of [L]*,
denotes the number of particles per unit volume in atmospheric space per unit particle

radius under dry conditions, and p is the aerosol mass density

The aerosol optical component aerosol optical depth (7) can be obtained from the
particle size distribution by using the scattering Mie theory under the hypothesis of

spherical particles with the equation.

Therefore, the AOD (t) of the layer with height H is given by Koelemeijer et al., (2006)

AOD = foa dh foa n TzQext,amb (T)namb (T: h)dT (3.21)

Applying the same hypothesis as in equation (3.20), the aerosol extinction coefficient

can be written as:
1 (h
aext,amb = E fhlz dh foa 3 erext,amb (r)namb (T‘, h)dT‘ (3-22)

Here r is the radius of the assumed spherical particles, Qext is the extinction coefficient
factor (van de Hulst H.C., 1981), and n(r, h) is the aerosol size distribution giving a
concentration of particles per unit volume per particle radius at height h, which can be

factorized in two parts with height dependence
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(n(r, h)) = n(r)n(h) = ny n(r) exp(-h/H).

Where n, is the particle concentration at the surface level and H is the aerosol scale

height (Pesava et al., 2001). Then the equation (3.21) becomes as
AOD = noH ["71? Qextamp (r)n(r)dr (3.23)

While considering the dry conditions, we have to introduce the hygroscopic growth
factor f(RH). Several models have been developed to explain the relationship between
f(RH) and Relative humidity (RH). However, in this work, we have adopted the kappa
equation to investigate the hygroscopic growth for aerosol light extinction (Brock et al.,
2016, 2021; Chen et al., 2016; Kotchenruther & Hobbs, 1998; Zheng et al., 2018).

AOD RH

AOD = a(l T 100—RH)
dry

f(RH) = (3.24)

Where 7 4y represents the aerosol optical depth with dehydration adjustment. ‘a’ is a
fitting parameter and is not affected by RH (Zhao et al., 2018). A different range of a
was reported previously. However, in this study, we have investigated by setting three
different values, 0.5, 1, and 1.5, of this fitting parameter (a) and have used the
hygroscopic growth factor by assuming the ratio of aerosol extinction coefficient in

ambient to dry condition. Then, equation (3.23) can be written as;
AOD = nyHf(RH) foa r? Qext.ary (Mn(r)dr (3.25)

To investigate the AOD (t) vs PM2 the size distribution and extinction efficiency

<Qext> and effective radius rersare expressed as (Xu & Zhang, 2020b, 2020a).

fo( Qex (r)n(r)rzdr
< Qext > = . fq;(r)rzdr (3-26)
0
[Sn@)riar
ANd, 7ppp = m (3.27)

A relation between t /f (RH) and PM2s can be obtained based on the above equations
(3.21), (3.23), (3.26), and (3.27) as

<Qext,dry >

3
= 2n,.H. .PM
AOD = =ny.H. f(RH) P

(3.28)
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In this study, we have studied the relative humidity as the correcting factor to study the

correlation between % vs PM, s and have not included the scale height variation

due to the data unavailability.

3.5 Mie theory and scattering of solar radiation

The interaction of aerosol particles with electromagnetic radiation significantly affects
Earth’s radiative budget. The absorption and scattering of radiation due to aerosol

particles strongly depend upon the size parameter x; which is given by,
X =2mr/ A (3.29)
Where r is the particle radius and A is the wavelength.

The degree of interaction is measured by the particle’s extinction cross-section, which
is the sum of absorption and the scattering cross-section. Rayleigh scattering assumes
particles much smaller than the wavelength. For particles much larger than the
wavelength, geometrical optics can be applied, and the extinction cross-section

converges towards twice the geometric particle cross-section ¢ g = 7r 2.

Mie theory considers spherical particles in size range comparable to that of the
wavelength. It bridges the gap between Rayleigh scattering and geometric optics. Based
on wave optics, Mie theory precisely predict light’s interaction with small spherical
particles. The Mie theory depends on decomposing of the electromagnetic waves into
spherical harmonics both within and outside the particle. The scattered wave equation

is obtained from the boundary conditions at the particle’s surface (Boucher, 2015).

Mie theory is an important tool to solve light scattering by a homogeneous sphere using
Maxwell’s equation with appropriate boundary conditions. Maxwell’s equations are
used to calculate the scattered electromagnetic field at all points within the particle and
at all points of the homogeneous medium. These equations can be used in the entire
field of atmospheric optics, and from one end of the electromagnetic spectrum to the
other-from UV solar radiation backscattered by stratospheric aerosols to satellites,
through visible and IR radiation scattered by clouds and aerosols, to microwaves and

radar scattered from large hydrometeors.
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3.5.1 Formulation of Lorentz-Mie Theory from Maxwell’s Equations

Mie theory is a general solution for scattering an electromagnetic wave from a spherical
particle having a uniform complex index of refraction. The complex part is responsible

for absorption, and real portion is for scattering.

It is a solution to Maxwell’s electromagnetic equations, asymptotic to plane waves at
large distances from the particle. Since Maxwell’s equations are linear, the solution can
be built up from more elementary solutions to the equations. It furnishes the solution

with an infinite sum over spherical Bessel functions.

The presence of electric charges in space constitutes an electromagnetic field. We can
define E and B as the electric vector and magnetic induction, respectively (Liou, 2002).
Based on the Mie scattering theory explained in section 3.5.2, we used Fortran 95 Code
to calculate scattering, extinction, and single scattering albedos with complex refractive
indices and volume size distributions from the AERONET website (Aryal et al., 2014).

3.5.2 Scattering of a plane wave by a homogeneous sphere

The light radiation gets linearly polarized if the medium outside a sphere is a vacuum.
(Liou, 2002). Taking origin of a rectangular system of coordinates at the center of the
sphere, with the positive z axis along the direction of propagation of the incident wave,

then we can write, the incident electric and magnetic field vectors as given by van de
Hulst (1981),

E' = a,e H' = a,e ™ (3.30)
Where ay and ay are unit vectors along the x and y axes, respectively.

We can change the components of any vector from the Cartesian system (X, y, z) into

the spherical polar coordinates (r, 8, ¢) as;

X=rsinfcos¢,y=rsindsing, z=rcoso. (3.31)
So that, we can write,

ar=axsin dcos ¢ +aysin §sin ¢ + a; cos 6,

a9 =axCos #cos ¢ + ay cos & sin ¢ —a; sin 0,

a 4 =—axsin ¢ + ay Cos ¢, (3.32)
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And, the electric and magnetic field vectors take the form,

EL = e~tTcosbgin g cos ¢

E, = e 705605 6 cos ¢

E}, = —e"*krosOsin ¢ (3.33)

HL = e~ ikrcos Ogip g sin ¢

H. = e~ 705005 9 sin ¢

H), = e~ 0 cos ¢p (3.34)

Z
A
S
ar
ay
a
aX A 9 6
()] azn a,
> a
ay ay A= ;y H > Y
\\\}
do
E ¢
X

Figure 10: Transformation of rectangular to spherical coordinates. S is the Poynting vector; a is
an arbitrary unit vector; 6 and ¢ are zenith and azimuthal angles; and E and H are electric and magnetic
vectors (Liou, 2002)

We can write,

ikreosd — yo (_iyn(op 4 1) @Pn(cose) (3.35)

We also have mathematical identities (Liou, 2002),
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_i 1 6 —
e ikr cos QSIHH — — ag (e ikr cos 9) (3.36)

aa—ePn(cosﬁ) = —Pl(cosh), —P3(cosh) =0 (3.37)
Equation (3.37) relates Legendre polynomial P, to associated Legendre polynomial L.

We have the relation for electric field from vector wave equation given by

. i [0%(rw) 212 1 6(rv) i 62(ru)
E=a — [ +mk(ru)]+ag[ — ]+

"mkl or? rsinf 0d¢ m

10(@v) 1 9% (ru)
[

r 00 mkr sinf 0r d¢ (3-38)

The potentials u and v are given by the first term of equation (3.38) atm = 1.

E; = e "7 %sinf cos¢p =+ [a a(:;‘ Dy kz(Tul)] (3.39)

From equations (3.35), (3.36), and (3.37), we can write;
. 1 <
e~tkrcosOgin @ cos ¢ = WZ (=)™ 1(2n + D, (kr)Pl(cosB)cosg
n=1

(3.40)
Trial solution for equation (3.39) is,
rut = %Zf{’:l a P, (kr) Pl (cosB)cosp (3.41)
Using equation (3.40) and (3.41) in (3.39) and comparing coefficients, we get,
atn [ (k) + 2280 = (—i)n(2n + 1) L2l (3.42)
From equation, R = ¢, (kmr) + d,x,(kmr) if weassume c,=1andd,=0, then
Y, (kr) =7R (3.43)

For m =1, equation (3.43) is a solution of equation

LU0 4 [kem? = D) (rR) = 0 (3.44)

So that we can write,

i [kz _ ﬁ] W, =0 (3.45)

dr? T2
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Here a =n(n+ 1). Comparing equation (3.89) and (3.91), we get,

_( )n 2n+1 (346)

n(n+1)

So that for incident waves, equation (3.41) becomes,
1w 2n+1
= EZ(—i)” mlpn(kr)Pn1 (cosB)cosep
n=1
Similarly,
1o, o 2n+l ) _
= Ez(_l) mlpn(kr)Pn (cosB)sing
n=1

(3.47)

We have general solution of scalar wave equation is,

(0]

ry (r,0,¢9) = P!(cosO) [ cyp, (kmr) + d,x,,(kmr)] (a; cos l¢
nZ;) lZn
+ b; sin l¢p)
(3.48)

For internal waves the function in equation (3.48), yn (kmr) becomes infinite at the
origin, only the function w» (kmr) may be used. Thus, for internal waves, we can write,

t_1§: o2+l ()P (o5
u = 1( i) A+ D) CuWn (kmr)P,; (cos@)cosgp
n=

me( D" ( _|_1) dntpn (kmr) B} (cos@)sing

(3.49)

For scattered wave, these two functions vanish at infinity and Hankel function

@)+ @) = [ HD, @)= 6@) (350)

comes into play.
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= %;(—i)” % a, &, (kr)PL(cosf)cosp

rvs kZ( D" Z(n::__l) b,,&, (kr)PL(cosf)cosg

(3.51)

The Mie coefficients an, bn, cn, and dn must be determined from the boundary
conditions. Electromagnetic fields are required to satisfy Maxwell’s equations in
regions where the permittivity and the permeability are isotropic and constant. And the
tangential components of E and H should be continuous across the spherical surface r

= a such that,
E)+E§ = E}, H) + H§ = Hf
] —_ t ] — t
Ey + E5 = Ej, Hy + Hj = H} (3.52)

On applying the vector spherical harmonics, we get following equations,

[Yn(ka) — anén(ka)] = cppp(kma),
[ (ka) = bygn(ka)] = dyify, (kma), 359
[ n(ka) - anfn(ka)] = CnPn (kma) .
m[lpn(ka) - bnfn(ka)] nlpn (kma)r

m

where the prime denotes differentiation with respect to the argument. When ¢y and d

are eliminated, the coefficients for the scattered waves are obtained.

Y (P () —mpyn (P, (x)
Y )& (1) —mPn ()& (x)

a, =

_ mpr M YPr ) - ()Pn (x)
bn = e n IR (3.54)

Where x=ka and y=mx. The solutions for cn, and dn contain the same respective

denominator as those of a, and b, but with a common numerator

m[n ()& (x) — P ()& ()]
Here, we have assumed the suspending medium is a vacuum.

For the far field solution, Hankel functions in equation (3.50) reduce to,

&, (kr) = M7 eTikT kr > 1 (3.55)
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It makes equation (3.51) as,

i ”‘rcos ¢ 2n+1 )
ru’ = — Z At D) a, Py (cosB)
‘krsm ) 2n+1
S~ — b Pl
e z nn+1) " (cost)

(3.56)
The three components of electric and magnetic field vectors are given by,
ES=H~0

. ) )
s _ S N b —ikr Z 2n+1 dPy, (cos 6) By (cos )
fo =y~ jge eos? s n(n+1) g thhTne |
n=

K7 in z 2n+1 Pl(cos9) b dP}(cos O)l.

E; =H) ~ —
¢ 0 —~ n(n+1) " Sing n
(3.57)
For simplicity, we define two scattering functions,
> (2n+ 1)
S.(0) = _lm [a,m,(cosB) + b, T,(cosh)],
S (2n+ 1)
S,(0) = _1m [a,T,(cosO) + b, m,(cosh)],
(3.58)
Where
1, (cosf) = ﬁ Plcos@
7,(cosf) = dd_e Plcos@ (3.59)
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Where P} is the associated Legendre function (m =1).

Hence, we can write,

Ej = k—ire_”‘r cos ¢S, (6)

—E§ = —e " sin ¢35, (6). (3.60)

If we define E, and E; as perpendicular and parallel components of the electric field as

shown in figure, then scattered field is given by,
Ef = —E5, Ef =E} (3.61)

And equation (3.30) can be decomposed as,

EL = e %% sin ¢, El = e %2 cos¢p (3.62)
z
E} <
E’
E, 0
Eg
J.
| L Y
E: 4 E
- E
P ™~

Figure 11: Decomposition of the incident (i) and scattered (s) electric vectors into perpendicular
(r) and parallel (I) components in Cartesian and spherical coordinates (Liou, 2002)

The scattered intensity components in the far field zone in terms of incident components

can be written as,

I =1 # If = 1;'# (3.63)

Where the intensity functions for perpendicular and parallel components are given by,

i1(0) = 15:()1? i,(0) = 1S,(8)I?, (3.64)
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In the far-field zone, the reduction of the incident energy is due to the absorption and
scattering of light by a sphere. So that we may consider incident light polarized linearly

in the perpendicular direction. Hence, the scattered electric field is given by,

e—LkT+LkZ

ES = 51(0) EL (3.65)

ikr

If we integrate the far-field {x(y) <« z } combined flux density in the forward direction
(6 = 0) of a sphere of radius a on its cross-sectional area to obtain the total power of

the combined image as,

1
||

[f|E + E5|*dx dy =ma® + o, (3.66)

The physical meaning of a,, is the amount of light attenuated by a sphere out of total
light received in the forward direction as if an area equivalent to o, of the object had
been covered up. The double integral over dx dy extended to infinity from which a,is

defined contains two Fresnel integrals and is given by;

j f e~ ik(x?+y?)/2z gy dy =2£

ik
(3.67)
The extinction cross section is,
0. = (4m/k*)Re[S(0)] (3.68)
So, in forward direction, we can write,
$,(0) = $,(0) = 5(0) =% Z(Zn + 1)Re(a, + by),
n=1
(3.69)

The extinction efficiency of a sphere with radius a for Mie Scattering is given by,

O¢

2 o0
Q=% == Z(Zn + 1)Re(a, + by),
n=1

a2
(3.70)

where x=Kka is the size parameter.
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The amplitude functions S, Sz, Sz and Ss characterizes the scattering from any finite
particle. These parameters are used to calculate total scattering cross section, extinction
cross section, and absorption cross section can be obtained when the light is linearly
polarized light.

In case of spherical particles S3(0) and S4(0) are zero. Here 0 is scattering angle. The
scattering phase function F (0, @) defines the intensity of scattered light in an arbitrary

direction.
F (8,9) = 5 [12(8) cos? ¢ + iy(8) sin? $], (3.71)
where Fj is the incident flux density.

Similarly, scattering and absorption efficiencies are given by,

2 N 2 2
Qs = = ) @n + D(lal + Ibyl
n=1

1 co
G = 7 10,@n+ DD e b

(3.72)

The scattering behavior is influenced by the diameter of the sphere, incident
wavelength, and the refractive index of the particle and medium. The extinction,

scattering and absorption cross-section can be calculated as,

21 -
0= 73 Z(Zn + 1) Re(a, + by),
n=1

2T O
0 = 23 ) Cn+ Dlanl® + 1byf?),
n=1

0, = 0, — 0y (3.73)

The single scattering albedo w, is defined as the ratio of scattering to extinction

efficiency,

_ O
w=2 (3.74)
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The asymmetry parameter g, is defined as,

Z(”(””) Re(andis + bubin) + D pe (@b

4= n+1 n(n+ 1)

X Qsca

(3.75)

The variation of scattering behavior of the particles at different values of imaginary part
of refractive index was observed keeping the real part fixed at 1.45 as shown in Figure
12. 1t shows that for k = 0, i.e., a perfect reflector, there is no absorption. In this case,
scattering efficiency (Qs) is equal to the extinction efficiency (Qe¢). We can see a series
of major maxima and minima and ripples which are due to the interference of diffracted
and transmitted light through the sphere. The value of Qs is found to increase rapidly
when the size parameter reaches to about 5 (like the size of wavelength) and on further
increasing the value of size parameter (x), it approaches an asymptotic value of 2. This
apparent paradox results from the expectation that geometrical optics should have better
approximation as a particle's size increases. However, because every particle has an
edge, geometrical optics cannot fully explain the extinction caused by them. It means a

larger particle can remove two times the light it has intercepted from the incident beam.

As the value of k increases, absorption due to the particle increases that causes to damp
out both the ripples and the major maxima and minima. At a value of k = 0.01,
absorption within the particle slightly increases and the value of maxima also decreases
and approaches a value of approximately 1 at very large value of size parameter i.e., at
geometric limit. But at a value of k=1, all the rays entering into the particle are absorbed
inside and all the ripples, maxima and minima disappear and it quickly approaches a
value 1. It indicates that smaller imaginary part of the refractive index requires larger
particle to fully absorb internal rays but for larger value of imaginary part even a smaller
particle can absorb all the internal rays.
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Figure 12: The scattering efficiency factor Qs as a function of the size parameter x for a real
index of refraction of n =1.45 and several values of the imaginary part (Generated by author using Mie
code with Fortran 95 programming for AERONET data of Pokhara station)

3.5.3 Influence of particle refractive index on scattering light intensity

The refractive index of the suspended particles is an important factor influencing the
scattering light intensity. The complex-valued Mie coefficients a » and b , depend on x

and on the complex refractive index, which is expressed as follows:
m=n+ ik (3.76)

Here, n refers to the real part of the refractive index, which is given by the ratio between
the propagation velocity of light in a vacuum and the propagation velocity in the
medium. This numerical value is related to the material’s properties embodied as the
scattering effect of incident light in the medium. And, k is the imaginary part, which
indicates the degree of the light intensity attenuation in the medium and describes the
performance as the absorption effect of the medium to the incident light. If k is equal
to 0 at a given wavelength, then a particle does not absorb radiation at this wavelength.

Figure 13 shows a variation of scattering efficiency with size parameter corresponding

to different wavelengths.
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Figure 13: The variation of scattering efficiency with size parameter corresponding to different
wavelength and at n = 1.4500 and k = 0.0078 (Generated by author using Mie code with Fortran 95
programming for AERONET data of Pokhara station)

The complex refractive index depends on its chemical composition and the wavelength,

and is different for different particles. Few examples are shown in the table below.

Table 1: Refractive indices of some of the selected atmospheric aerosol substances at A = 0.5 pm
(Liou, 2002)

Substance Real part (n) Imaginary Part (k)
Water 1.33 0

Hematite 2.60 1.00

Elemental Carbon 1.75 0.44

Organic Carbon 1.53 0.05

NaCl (S) 1.54 0

H2S04 (aq) 1.53 0

(NH4)2S04(S) 1.52 0

SiO, 1.55 0

In the size parameter range (0-25 um), which in the case of visible light corresponds to
accumulation mode particle sizes, extinction generally acquires maximum value

(Kleinschmitt, 2017). It enables the computation of the optical properties of aerosols
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based on the particle size and the complex refractive index, whose imaginary portion
describes the absorption inside the medium. For liquid atmospheric aerosols, the
assumption that the particles are spherical is true, but not for all solid aerosols, such as

dust and ice particles.

3.5.4 Seasonal variation of efficiency factors with size parameter

With the variation of season, there will be a variation in complex refractive index of
aerosol particles. As complex refractive index is an effective parameter for the
scattering and extinction of radiation by a particle, a significant seasonal variation in
efficiency factors can be observed as shown in the figures (14, 15, and 16). During pre-
monsoon period, the maximum values for extinction, scattering and absorption
efficiency factors were observed to be 4.14, 3.97, and 0.92 respectively at n = 1.4500
and k = 0.0078 and a fixed wavelength of 440 nm. Peak values of efficiency factors
were found to reduce during post monsoon season as refractive index also found to
decrease during that period. Winter was found to have largest peak value of extinction

efficiency factor (Qe) with a value 4.27.
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Figure 14: The variation of different efficiency factors corresponding to different size parameter
at n = 1.4500 and k = 0.0078 during pre-monsoon period 2019 in Pokhara (Generated by author using
Mie code with Fortran 95 programming for AERONET data of Pokhara station)
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Figure 15: The variation of different efficiency factors corresponding to different size parameter
atn = 1.3300 and k =0.0171 during post-monsoon period 2019 in Pokhara (Generated by author
using Mie code with Fortran 95 programming for AERONET data of Pokhara station).
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Figure 16: The variation of different efficiency factors corresponding to different size parameter
atn = 1.5645 and k = 0.0183 during winter period 2019 in Pokhara (Generated by author using Mie
code with Fortran 95 programming for AERONET data of Pokhara station).
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3.6 Research Sites

The research work and data will be taken from various locations over Nepal, which are

given below:

Institute of Engineering, Pulchowk, TU (Purple Air Monitor)

2. Department of Hydrology and Meteorology (DHM)/GON Field Offices, in

various parts of Nepal).

3. Prithvi Narayan Campus, Pokhara (Purple Air Monitor)

4. Different Aerosol Robotic Network sites in Nepal: Pokhara, Jomsom, Lumbini,

Kathmandu-Bode, Kyanjin Gompa, EVK2-CNR.
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AERONET Stations

Coordinate System: GCS WGS 1984

Datum: WGS 1984
Units: Degree 100 50 0 100 Kilometers B
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Figure 17: Different AERONET stations in the study area (Source: Map generated by the author

using Arc GIS 10.4 Software).

The scope of study area for our work is different AERONET stations within Nepal

(Latitude: 26° 22' North to 30° 27* North and Longitude: 80°04' East to 88°12' East). It

is situated between two largely populated country of the world, China and India. It

spans within an east-west length of 885km and a north-south average width of 193km
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and a total area of 1,47,181 km? with a population of 29,192,480 (Source: National
Population and Housing Census, CBS 2022). It has a unique topography and
atmospheric conditions within this small range. The northern part is mountainous
region (15%) that elevates up-to the highest peak of the world Sagarmatha 8848.86 m
asl (above sea level) and the middle region is hilly region (68%) with diverse
landscapes, vegetation and atmospheric conditions. The southern part is the Terai
region (17%) with lowest elevation of 60m asl (above sea level) is most populated
region connected to Indo-Gangetic Plain (IGP). Depending upon the meteorological
conditions, seasons in Nepal are classified as winter (December, January and February:
DJF), pre-monsoon (March, April, and May: MAM), monsoon (June, July, August, and
September: JJAS) and post-monsoon (October, and November: ON).

In this study, we have presented the analysis of fine particulate matter PM2s in the
Kathmandu and Pokhara valleys. Two PurpleAir sensors (https://www.purpleair.com)
are deployed in the Kathmandu valley (Pulchowk Engineering Campus, Lalitpur,
(27.68° N, 85.31° E), at an Altitude of 1350 m asl and Prithvi Narayan Campus Pokhara

(28.190N, 83.970 E) at 810 m asl to take real-time measurements of PM1.0, PM2s, and
PM10 concentrations. In this study, we have presented the analysis of fine particulate
matter PM2s in the Valley. The Kathmandu Valley is a fast-urbanizing city located
between the Indo-Gangetic Plain in the south and the great Himalayas in the
north(Sarkar et al., 2017). It is surrounded by tall mountains with an elevation ranging
from 2000 m to 2800 m from all sides, giving a unique Bowl-shaped structure, which
traps the pollutants within the valley (Kitada & Regmi, 2003). Moreover, the densely
populated Valley with a population of 3 million is potentially affected by transboundary

pollution and a gateway to high mountains and Himalaya.

Pokhara (28.19°N, 83.97°E) is the second largest city of Nepal which is a very famous
tourist destination in Nepal. It is also known as city of lakes and surrounded by scenic
mountains, flora and fauna. The valley is approximately at an altitude of 805 m asl and
200 km west of the capital city, Kathmandu. It is surrounded by 1000 to 2000 m hills
and rises over 7000 m asl in the north within a span of 35 km. It is about 90 km northeast
of the southern plains bordering the Indo-Gangetic Plain (IGP) (Dhungel et al., 2018;
Singh et al., 2019; Tripathee et al., 2016). Pokhara receives the highest amount of
precipitation during monsoon season with some different onset and departure dates of

monsoon, which originates from the Bay of Bengal, for each year (Poudyal et al., 2014).

52


http://www.purpleair.com/

In monsoon season, the land becomes hot, and the ocean becomes cold in comparison
to land, which creates more pressure over the ocean than on the land, causing the wind
to blow mainly from the Bay of Bengal (BB) to the land side. High mountains on
Pokhara's flank help to raise humid air masses, especially in the summer, causing a lot
of precipitation that has a big impact on the amount of aerosols in the air. (Bhattarai et
al., 2019; Ranabhat et al., 2015).
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Figure 18: The Moderate Resolution Imaging Spectroradiometer (on NASA's Terra satellite)
image shows an evident accumulation of haze which is visible along the Himalayan foothills on 9th
February 2020. A PurpleAir monitor is also shown on the top right corner of the figure, which was

installed on the IOE Pulchowk Campus, Lalitpur, Kathmandu, Nepal, as located on the map of Nepal.

EVK2-CNR (86.81 °E 27.96° N) is located at an elevation of 5079 m asl in the
southwest valley of Mt. Everest in Nepal. It is surrounded by large moraines and high
mountains. There is a clear mountain-valley circulation in the wind regime. All year
long, the day time is dominated by surface wind from south direction whereas mountain
winds dominate at night. Except in monsoon season, and north-western winds are
observed as a result of the influence of the westerly winds (Bonasoni et al., 2008; Gobbi
et al., 2010). This station is of special interest to observe the impact of climate change

in the Himalayas.
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Lumbini (27.67°N, 83.50°E, 110 m asl) is the southern part of Nepal in the Terai region
and bordered to India. It also lies in the Indo-Gangetic Plain (IGP) which is one of the
most polluted regions in Asia. Since it is the birthplace of Buddha, it attracts Buddhist
pilgrims and enthusiast tourists. This makes Lumbini, one of the fast-growing economic
centers with increasing number of industries, brick-kilns, a lot of construction work, all
of which are the sources of air pollution in the region. Besides this, the transboundary
pollution, biomass burning, fire like sources also enhances the pollution of the region.
The study carried out in this location can give a small picture of aerosol properties in
the terai. So Lumbini is also the area of interest of our study.

Jomsom (28.78°N, 83.71°E, 2825 m asl) is the district headquarter of Mustang district
in Gandaki Province in northern part of Nepal that borders with China. It is situated in
both the banks of Kali-Gandaki River with mount Dhaulagiri and mount Nilgiri in the
backdrop. The trail passing through Jomsom follows Kali-Gandaki River, which forms
deepest gorge in the world. The valley experiences the strong winds due the pressure
difference between Tibetan plate and lower valleys. Past studies reveal that, it is the

route of trans-boundary air pollution (Dhungel et al., 2018).

Kyanjin Gompa (28.21°N, 85.57°E, 3860 m asl) is a beautiful valley in the Langtang
trekking zone of Rasuwa district in the Bagmati Province. Actually, it is the name of a
Gumba (Monastery) around 700 years old (https://english.onlinekhabar.com/kyanjin-
valley-in-langtang-is-waiting-for-you-for-the-best-adventure-experience.html,6 March
2021) after which the valley is named. This is the highest human settlement region in
the Langtang valley. It is surrounded by tall mountains like Lantang-Lirung, Changbu,
Yubra, Yalla etc. As it is one of the major trekking routes in Nepal, the study of aerosol

properties is important to observe climate pattern.

3.7 Interpretation of data

Analysis of data is made using different clear sky and overcast conditions. Data
interpretation and analysis of data are made by the use of FORTRAN 90 programming
for Mie scattering. NOAA’s HYSPLIT back trajectory and cluster analysis are applied
to identify the source of aerosol particles. Graphical software Xm-grace, GNU plot,

Igor-pro, and Origin pro 19 were used for graphical analysis.
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3.7.1 HYSPLIT Back Trajectory

The National Oceanic and Atmospheric Administration (NOAA) Air Resources
Laboratory’s (ARL) Hybrid Single-Particle Lagrangian Integrated Trajectory Model
(HYSPLIT) is used to investigate the long-range transportation of air mass ending at
the observation AERONET site. We have used satellite maps to present the aerosol
sources that can affect the observation site due to the transportation of air masses. The
satellite images are accessible in the HYSPLIT-WEB (https://www.ready.
noaa.gov/HYSPLIT.php). Many researchers have already enjoyed this model for
identifying air pollutants over the temporal and spatial ranges (Draxler & Hess, 1998;
Stein et al., 2015). In our study, we have chosen seven days back trajectories with
arrival heights of 2000 m, 500 m, and 100 m above the ground. The altitude for air mass
trajectory is significant in classifying the aerosol types. Observation of air masses
originating southerly, south-west, south-east, westerly, easterly, north easterly at a
different layer of height will assist us identifying the aerosol types over the atmospheric
column. Trajectory will be analyzed jointly with the satellite images of fire spots and
dust images found on NASA Earth Observing System Data and Information System
(EOSDIS). This will depict the possible air mass sources of aerosols due to forest fires,
smoke, and dust activities that will add the aerosol components over the vertical column

of the observation site.

3.7.2 Cluster Analysis

Cluster analysis is a technique to group trajectories according to wind speed and
direction to describe the main flows arriving at an observation site to identify the origin
of the air masses affecting the region. It is a multivariate statistical technique designed
to investigate structure within a dataset. According to the similarity principle, data sets
with higher similarity are arranged in the same cluster and data sets with higher
heterogeneity are arranged in different clusters. The calculations are made by the use
of free software TrajStat (Wang et al., 2009).

3.7.3 Statistics

Hourly averaged PurpleAir data PMs (ug/m?®) is compared with the corresponding
MODIS AOD (t) obtained from two satellite measurements, Aqua and Terra. These
MODIS AOD (t) data are corrected by dividing with f(RH), where RH (Relative
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Humidity) was obtained from the purple air sensor, installed at 15 meters above the

ground, and are compared with the ground-based PM. s data.

The MODIS AOD (t) data from two satellites, Aqua and Terra, were co-located with
the ground station location. The MOD/MYDO04 3K data, 3km x 3km AOD (7) values
at the 550 nm wavelength, were extracted by coinciding temporal variation of PM2s
obtained from the PurpleAir sensors in the ground level. The graphical analysis was
conducted using the trust-region Levenberg-Marquardt least orthogonal distance
method implemented in IGOR (https://www.wavemetrics.com/). Linear regression was
then performed, and a coefficient of determination (R?) was presented to determine the
regression representing the data. Values were presented for each combination
coefficient of determination (R?) and two-tailed P to observe that the correlation is
statistically significant. Data with less than 95% confidence intervals based on P values
were disregarded.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Variability of spectral columnar AOD (t), AE and PW in different AERONET

stations of Nepal

In this section, we have compared the variability of spectral columnar AOD (t)
alongwith the precipitable water (PW) and angstrom exponent (AE) for different
seasons of different AERONET sites of Nepal. We have tried to match the data for
maximum number of years as per their availability. For example, the data for the year
2015 and 2016 are not availabe in Lumbini station. We have presented the monthly
mean data for different stations, Lumbini (2013, 2014, 2017 and 2018 (110 m)),
Pokhara (2011 to 2015 (800 m)), Kathmandu-Bode (2012 to 2014 (1362 m)), Jomsom
(2011to 2013 (2825 m)), Kyanjin-Gompa (2017 to 2019 (3860 m)) and EVK2-CNR
(2011 to 2013 (5079 m)). We know AOD () is the attenuation of solar radiation due
to vertical column of atmosphere at a place at a time and is significantly affected by
atmospheric conditions and the wavelength of solar radiation. The hazy atmosphere
shows the higher values of AOD (7) whereas the clean and clear atmosphere shows the

comparatively lower values of AOD (7).

AE (o) is the measure of the ratio of fine to coarse mode aerosol particles that gives
an idea about the average size of the particles. Actually, it is inversely related to the
average size of the aerosol particles. In general, a < 1 indicates the aerosol size
distribution dominated by coarse mode (rett> 0.5 um) and o > lindicates a domination
of fine mode (rett< 0.5 um) showing a presence of urban pollution and biomass burning
(Eck et al., 1999; Srivastava et al., 2012). When we analyzed the monthly mean AOD
(t) at 500 nm for above mentioned stations, the monthly average value shows a
decreasing trend with increasing altitude from Lumbini (110 m) to EVK2-CNR (5079
m). In Lumbini, it was observed the maximum AOD () (0.94+0.38) in December and
the minimum (0.29+0.03) in July with a monthly average of 0.71+0.19 as shown in
Table 2. In Pokhara (800 m) the maximum, minimum and monthly average were
observed to be 0.72+0.16 (May), 0.22+0.13 (July) and 0.45+0.16 respectively. Though
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the monthly maximum (0.78+0.07) in KTM-Bode (1362 m) is higher than that in
Pokhara, the monthly average (0.39+0.09) is lower following the decreasing trend with
altitude. The monthly average of AOD (7) at 500 nm in Jomsom (2825 m), KG (3860
m) and EVK2-CNR (5079 m) are 0.08+0.03, 0.06+0.02 and 0.04+0.01 respectively;
which is significantly low and indicating the fairly clean atmosphere. These three
stations at higher altitude shows a small increase in the value of AOD (7) during the
month of May that may be due to trans-boundary fine particles. In almost all stations
under study for the above- mentioned period show a higher value of AOD (7) during

pre-monsoon season.

The analysis of AE in all the stations, except in EVK2-CNR shows the average value
of o > 1, indicating the domination of fine-mode aerosols in the wavelength range of
440 nm to 870 nm. The highest average is observed in Jomsom (1.52+0.18) and lowest
in EVK2-CNR (0.77£0.34). AE shows a strong dependence on wavelength that can be
analyzed to draw crucial information for aerosol size distribution ((Kaskaoutis &
Kambezidis, 2006, 2008; Schuster et al., 2006). The higher values of o in these
locations suggest the abundance of fine-mode particles that originates from biomass
burning, mineral fuel burning, industrial and vehicular emission as well as trans-
boundary pollution (Giles et al., 2012; Kedia et al., 2014; Ramachandran & Rupakheti,
2021). But lower value of a in EVK2-CNR indicates the presence of coarse-mode
particles due to trans-boundary pollution as well as the dust due to very windy
atmosphere (Bonasoni et al., 2008; Gobbi et al., 2010).

Precipitable water (PW) is the total water vapour content in the vertical column in the
atmosphere that plays significant role in climate behaviour. From Table 2, it can be
observed that the monsoon season is the prime season of rainfall in Nepal. The
maximum amount of PW is observed during the month of July in Lumbini (5.87+0.12)
cm, Pokhara (4.63+0.18) cm, KTM-Bode (3.69+0.13) cm and Jomsom (1.86+0.08) cm
whereas KG (1.16£0.11) cm and EVK2-CNR (0.64+0.03) cm observed maximum PW
during August. The minimum value of PW is observed in January in all the stations.
Though Pokhara is considered as the place to observe larger amount of precipitation,
our data in the given period of time shows that average value of PW is maximum in
Lumbini (3.25+0.21) cm, Pokhara (2.63+£0.17) cm, KTM-Bode (1.83+0.13) cm,
Jomsom (0.85+0.07) cm, KG (0.49£0.05) cm and EVK2-CNR (0.23£0.02) cm. It
indicates the decreasing trend of PW with increasing altitude (Wang et al., 2007).
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Table 2: Monthly mean maximum and minimum values for PW(cm), AE (hm) and AOD (t) (nm) for
different stations Lumbini (2013, 2014, 2017 and 2018 (110 m)), Pokhara (2011 to 2015 (800 m)),

Kathmandu-Bode (2012 to 2014 (1362 m)), Jomsom (2011to 2013 (2825 m)), Kyanjin-Gompa (2017 to
2019 (3860 m), EVK2-CNR (2011 to 2013) (5079 m).

PW (cm) AE (440-870) nm AOD (1) 500 nm
Aeronet Sites | Max Min Max Min Max Min
Lumbini (5.87+0.12) | (1.24+0.00) (1.37+0.01) | (1.05x0.02) | (0.94+0.38) | (0.29+0.03)
(110 m) July Jan Nov May Dec July
Average (3.25+0.21) Average (1.23+0.06) Average (0.71+0.19)
Pokhara (4.63£0.18) | (1.18+0.10) (1.41+0.07) | (1.08+0.31) | (0.72+0.16) | (0.22+0.13)
(800 m) July Jan Jan Aug May July
Average (2.63+0.17) Average (1.28+0.18) Average (0.45+0.16)
KTM-Bode (3.69+0.00) | (0.66+0.08) (1.53+0.00) | (1.17+0.02) | (0.78+0.07) | (0.14+0.00)
(1362 m) July Jan July May Apr July
Average (1.83+0.13) Average (1.31+0.09) Average (0.39+0.09)
Jomsom (1.86+0.08) | (0.20+0.00) (2.02+0.12) | (1.27£0.34) | (0.22+0.07) | (0.04+0.01)
(2825 m) July Jan Sept Mar May Sept
Average (0.85+0.07) Average (1.52+0.18) Average (0.08+0.03)
Kyanjin- (1.16+0.11) | (0.10+0.02) (1.60+0.79) | (1.08+0.16) | (0.12+0.03) | (0.02+0.01)
Gompa (KG) | Aug Jan, Dec Aug Dec May Dec
(3860 m) Average (0.49+0.05) Average (1.21+0.21) Average (0.06+0.02)
EVK2-CNR (0.64+0.03) | (0.05+0.00) (1.16+0.01) | (0.44+0.23) | (0.05+0.02) | (0.02+0.00)
(5079 m) Aug Jan Jan Aug May, Jun Jan, Oct
Average (0.23+0.02) Average (0.77+0.34) Average (0.04+0.01)

Figure 19 shows the monthly variation of PW which shows nearly similar trend. In

almost all the stations, PW increases with smaller values from January and reaches to

peak value in July/ August and then decreases gradually and reaches to minimum

around December. On comparing PW trend with  values, it seems they correlate

inversely with each other. Previous studies in the southeast Asia region indicates that

there might be both positive or negative correlation between precipitation and AOD (t)
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(Ng et al., 2017). But we cannot observe any significant correlation between PW and

AE. From one station to another, there are different types of variation of AE with PW.
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4.2 Seasonal variation of monthly mean Single Scattering Albedo (SSA) at

different AERONET Sites of Nepal

Single Scattering Albedo (SSA) is one of the crucial optical property to explain the
different types of chemical species present in atmospheric aerosols. It gives an idea of
scattering and absorbing properties of aerosols. The mixing of same type of particles
and different types of particles in the atmosphere possesses little effect on scattering
but larger impact on absorption efficiency(Liu et al., 2014). Since it contains the
combined effect of absorption and scattering properties, determinig SSA values are
very important. For purely scattering aerosols like sulphates, SSA value is nearly equal
to 1 and for absorbing aerosol particles like black carbon and mineral dust, it has lower
values and for purely absorbing its value is zero (Dubovik et al., 2002; Kedia et al.,
2014). According to Dubovik et al., (2002), different values for SSA for different types
of aerosols are reported as 0.78-0.94 for biomass burning, 0.83-0.98 for urban/

industrial and mixed aerosols, and 0.92-0.99 for desert dust and marine aerosols.

The average value of SSA in all the locations except in EVK2-CNR is found to vary in
the range of 0.79 to 0.96 in the observed period of time. The general trend of SSA seems
to be maximum at a wavelength of 675 nm and the higher values are observed in
monsoon and post monsoon season with winter and pre-monsoon lower values. When
monthly variation is observed, the SSA value decreases from January to April and

increses from May to December.
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Table 3: Seasonal and spectral variation of monthly mean SSA at different AERONET sites Lumbini

(2013, 2014, 2017 and 2018 (110 m)), Pokhara (2011 to 2015 (800 m)), Kathmandu-Bode (2012 to
2014 (1362 m)), Jomsom (2011to 2013 (2825 m)), and EVK2-CNR (2011 to 2013) (5079 m).

Wavelengths

AERONET
Sites SSA 440 nm 675 nm 870 nm 1020 nm
Lumbini Max (0.960.00) (0.96+0.00) (0.95+0.00) (0.95+0.00)
(110 m) Sept Sept Sept Sept
Min 0.88+0.00) 0.89+0.00) (0.87+0.00) (0.85+0.00)
Dec Dec Dec Dec
Average 0.91+0.02 0.92+0.01 0.91+0.02 0.90+0.03
Pokhara Max (0.89+0.02) (0.91+0.02) (0.89+0.03) 0.88+0.03)
(800 m) Jan Jan Jan May
Min (0.87+0.03) (0.87+0.07) (0.85+0.08) (0.83+0.12)
Jun Jun Jun Jun
Average 0.88+0.03 0.89+0.04 0.87+0.05 0.86+0.06
KTM-Bode | Max (0.93+0.00) (0.93+0.00) (0.91+0.00) (0.90+0.00)
(1362 m) Oct Oct Oct Oct
Min (0.83+0.00) (0.83+0.00) (0.81+0.00) (0.79+0.00)
Apr Apr Apr Apr
Average 0.87+0.00 0.87+0.00 0.85+0.00 0.84+0.00
Jomsom Max (0.99+0.00) (0.98+0.00) (0.98+0.00) (0.98+0.00)
(2825 m) Jan Jan Jan Jan
Min 0.89+0.00) (0.92+0.00) (0.92+0.00) (0.91+0.00)
Mar May May May
Average 0.95+0.00 0.96+0.00 0.96+0.00 0.96+0.00
EVK2-CNR | Max (0.98+0.01) (0.98+0.01) (0.97+0.01) (0.97+0.01)
(5079 m) Jan Jan Jan Jan
Min (0.40+0.01) (0.33£0.01) (0.29+0.02) (0.27+0.02)
Sept Sept Sept Sept
Average 0.74+0.14 0.70+0.16 0.68+0.17 0.68+0.17
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Figure 20: Seasonal spectral variation of monthly mean SSA at EVK2-CNR AERONET Station
for the years 2011-2013

The observation of SSA values on EVK2- CNR shows extreme results. In the month of
September SSA values are found to be very low 0.27+0.02 (1020 nm), 0.29+0.02 (870
nm), 0.33+£0.01 (675 nm) and 0.40+0.01 (440 nm) in all four wavelengths. The SSA
measurements are found to be very few in the monsoon-period. This is due to the lack
of 360° clear sky conditions needed to perform almucantar observations. When the
available data are less in number for a large period of a year, then it makes the SSA
statistics weaker. Previous studies performed in EVK2_CNR and Tibetan side of the
Everest suggested the presence of such low values may be due to the presence of very
large particles (>20 um). The inversion algorithm could not reproduce the data for such
large sized particles (Gobbi et al., 2010; C. Xu et al., 2014).

The average value of SSA in Jomsom is 0.96 with a maximum of 0.99 in January and
a minimum of 0.89 in March. Though it ranges from 0.89 to 0.99, most of the time of
a year the SSA value is in the range of 0.92 — 0.99 indicating the presence of scattering

type of particles, that may be dust particles of local origin. As it can be seen in the
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Figure 21, winter, monsoon and post-monsoon are the seasons with higher values of
SSA and pre-monsoon is the only season of lower SSA values. Previous studies carried
out in different parts of the world revealed that the SSA values found to decrease for
biomass burning and continental aerosol particles with increasing wavelength from 440
nm to 1020 nm, whereas it is found to increase with increasing wavelength for the larger

aerosol particles dominated by dust (Giles et al., 2012; Russell et al., 2010).
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Figure 21: Seasonal spectral variation of monthly mean SSA at Jomsom for the years 2011-2013.
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Figure 22: Seasonal spectral variation of monthly mean SSA at Pokhara AERONET Station for
the years 2011-2015.

The SSA in the month of September, October, November, and December shows similar
trend of decreasing value with the increasing wavelength, indicating the presence of
biomass burning and continental aerosol in Jomsom whereas other months contain
mixed type of dust along-with transboundary aerosol due to updraft of particles due to
convection (Dhungel et al., 2018; Singh et al., 2018).

Pokhara observes minimum value of SSA (0.83+£0.12) in the month of June at 1020 nm
and maximum value in the month of January (0.91+0.02) at 675 nm with an annual
average of (0.89+0.04). Previous studies analyzed over Pokhara reported similar results
(Ramachandran & Rupakheti, 2020; A. Singh et al., 2019). Since pre-monsoon season
in the IGP region experiences strong convective activity, the near-surface pollution gets
lifted to higher altitudes and transported towards northern high hills and mountains
(Rupakheti et al., 2017; Singh et al., 2019). The vertical uplift of airmasses from IGP

region is affected by westerly circulation that transports it towards mountain regions
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(R. Gautam et al., 2011; Lawrence & Lelieveld, 2010; Luthi et al., 2015; Putero et al.,
2018). The accumulation and regional transport of fine mode aerosols from south Asia
during post monsoon and winter season might have contributed to lower the value of
SSA with flat spectra (Ramachandran & Rupakheti, 2021). During monsoon, the heavy
precipitation in the region suppresses the regional transportation of aerosol particles
and even the local factors like biomass burning and dust of local origin, resulting higher
value of SSA. During pre-monsoon season, a mix characteristic of aerosol particles can
be observed in Pokhara valley. Relatively lower values of SSA during pre-monsoon
may be due to the domination of dust particles of local origin along-with trans-boundary

pollution from IGP region.
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Figure 23: Seasonal spectral variation of monthly mean SSA at Kathmandu-Bode (KTM-BODE)
AERONET Station for the years 2012-2014.

The average SSA of KTM-Bode is lowest (0.84 at 1020 nm) of all the stations except
EVK2-CNR. The lowest value of SSA is in the month of April in all the spectral range

which is less than 0.87, which indicates the domination of light-absorbing carbonaceous
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particles which is similar to the previous results (Ramachandran et al., 2020). The
maximum value of SSA is observed during post-monsoon (October 0.93). The emission
of such particles is of anthropogenic nature, basically biomass burning and the

vehicular emissions.

The SSA values in Lumbini shows the presence of absorbing type of aerosols as the
average value of SSA is greater than 0.90 at all wavelengths. But it doesnot indicate
any significant spectral dependence which is consistent with previous results
(Rupakheti, Kang, Rupakheti, et al., 2018; Wan et al., 2017).
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Figure 24: Seasonal spectral variation of monthly mean SSA at Lumbini AERONET Station for
the years 2013-2014, 2017 and 2018.

The maximum value of SSA is observed (0.96 at 675 nm) in September showing the
presence of scattering type aerosols whereas a minimum is observed (0.85 at 1020 nm)
in December showing the presence of absorbing type of aerosols. The study performed
by Wan et al. (2017), Lumbini region is heavily loaded with the absorbing aerosols like
elemental carbon (EC) and black carbon (BC) in post-monsoon season. It may be due
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to large amount of biomass burning in the region during the post-monsoon season. In
conclusion , we can say, the aerosol particles in this region are highly absorbing in

nature.

4.3 Monthly variation of columnar AOD 550 nm over Nepal for the time period of

2015-2020; as analyzed from MODIS satellite data.
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Figure 25: Distribution of annually averaged AOD at 550 nm over Nepal for the period of 2015 to
2020 as observed by MODIS AQUA and TERRA satellite.

We have observed the spatial variation of MODIS AOD data over Nepal for the time
period of 2015-2020. It shows the higher concentration of AOD values in the southern
plain (Terai region) of Nepal which boarders with the Indo-Gangetic Plain (IGP); one
of the densely populated and highly polluted area in the south Asia region. The eastern
part of the Terai region is observed to have greater value of AOD compared to the
western part. Another important pattern we can observe from these datasets is that, the
value of AOD decreases gradually with the increase in altitude. The low value of AOD
at higher altitude is due to the high surface reflectance. The AERONET stations under
our investigation shows similar trend as that shown by MODIS AOD at 550 nm. We
found the average AOD at 550 nm in different AERONET stations; Lumbini (2013-
2018), Pokhara (2011-2015), KTM-Bode (2012-2014), Jomsom (2011-2013), Kyanjin-
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Gompa (2017-2019) and EVK2_CNR (2011-2013) are (0.71+0.19), (0.45+0.16),
(0.39+0.09), (0.08+0.03), (0.06+£0.02) and (0.04+0.01) respectively. In both the
observations, Lumbini region is observed to have highest value of AOD and
EVK2_CNR experiences the least value. On evaluating the maps, we can see the year
2016 has higher values of AOD over Nepal and the year 2020 has least values. As we
know the year 2020 as the year of COVID pandemic year and Nepal along-with many
other countries of the world had experienced severe lockdown. It helped to minimize
the emission of anthropogenic aerosols and the value of AOD significantly decreased
all over Nepal which is demonstrated by various studies during that period. In almost
all the years of observation, we can see that the central and western mid-hills
experiencing higher values of AOD. These are the regions of increased anthropogenic

activities, as big cities like Kathmandu and Pokhara are part of this region.

4.4 Variability of Spectral Columnar AOD and Precipitable water of Pokhara

AERONET site. (Analysis based on 10 years data-Pokhara station).

This section presents the spectral AOD’s (t) temporal fluctuation to precipitable water
vapor (PW) as well as its monthly and seasonal variations. Figure 26 displays the
monthly mean spectral AOD (taop) values, for 2010 to 2018, at seven different
wavelengths, 0.34 um, 0.38 pum, 0.44 pm, 0.50 pm, 0.675 pm, 0.87 um, and 1.02 um.
We removed monthly averaged aerosol data from any months with taop data for less
than ten days from our statistical analysis. Due to this limitation on data availability,
we computed the mean values for each calendar month for the given time period. Due
to data screening by clouds and the requirement that the sun photometer always be
parked in a covered position anytime the rain sensor is wet, Level 2 aerosol data for the

rainy season were quite scarce on the AERONET website.

As can be seen from the overall pattern of spectral fluctuations, the AOD is larger at
shorter wavelengths and decreases at longer wavelengths. The spectral AOD was found
to be at its peak in April, followed by March, May, February, June (January,
November), (December, October), and September (August and July).

69



T T T T T T T T
Winter
| dL Pre-monsoon -
1.5 I .IJDaer:: 3 - March
o Feb ' April
’é -o— May
101 ar i
=
o
<
0.5F ar 7]
00 | | L 1 1 — = 1 1 1 1 =
I I I I T T T T
Monsoon
June
15k —— July . Post-monsoon .
—=— Aug —o— Oct
-e— Sep -w- Nov
a
2
£1.0} 4k .
o
o
<
0.5 ar T
F§;§L [ ¥
&
0.0k ] ] 1 = 0 41k 1 1 1 1 =
0.4 1.0 0.4 1.0

0.6 0.8 0.6 0.8
Wavelength (um) Wavelength (pm)

Figure 26: Spectral variation of monthly mean, over 9 years period between 2010-2018, aerosol
optical depth representing different seasons at Pokhara (Regmi et al., 2020).

At all wavelengths, the spectral AOD for the months in parentheses is remarkably
consistent. The spectral gradient at the longer wavelengths lessens during the monsoon
season. The gradient in spectral AOD at the longer wavelengths decreases, which is
one of the distinctive characteristics of the seasonal AOD. Figure 26 illustrates the
distinctive characteristics of seasonal AOD, with the largest aerosol loading occurring
during the months of pre-monsoon season, followed by winter, post-monsoon, and
monsoon season. The aerosol loadings during winter and post-monsoon seems very less

deviated from each other.

The temporal variation of light attenuation was analyzed using a monthly mean AOD
at 0.50 um (AOD , 5,), and column-averaged precipitable water (PW) in centimeters for
various months and seasons (Figure 27). The values of AOD  ,, varies from 0.31 to
0.56 in winter with an average of 0.43 + 0.12, 0.63 to 0.92 in pre-monsoon with an
average of 0.75 + 0.15, 0.18 to 0.47 in monsoon with an average of 0.27 £ 0.13, and
0.33t0 0.45, in post-monsoon season with an average of 0.39 + 0.08. The PW variation
demonstrates a similar pattern of rainfall in Pokhara with a rise from months of winter

to monsoon seasons and then a fall in the post-monsoon season (https:
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[lIwww.dhm.gov.np/climate). The monsoon season experiences a substantial variation
on AOD ¢, due to the rainfall.
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Figure 27: Seasonal variation (2010-2018) of monthly mean AOD 500 nm and precipitable water
at Pokhara (Regmi et al., 2020).

The variations in the values of PW and AOD o .50 indicates two distinct characteristics.
They substantially correlated between December and April, with high R? (0.91) and
low p-values (0.01). However, when data of May were included, R? dropped to 0.35
and p-value rose to 0.21. However, they change inversely with an R? of 0.43 and p-
value of 0.15 during the monsoon and post-monsoon months. Previous research has
demonstrated that atmospheric water vapor can act as a catalyst for multiphase reactions
that result in the production of gas to particle conversion and play a significant role in
the hygroscopic growth of aerosols, which in turn impacts the aerosol optical properties
(Altaratz et al., 2013). It suggests AOD .50, which has a significant correlation with PW
from December to April, is basically associated with the actual aerosol loading and not
with the hygroscopic growth of aerosol particles. We have not performed a chemical
analysis for black carbon, dust, sulfate, and organic carbon at the observation site,
which may give a picture of the hygroscopic impact on AOD ¢50. The effect of aerosol
loading for increased AOD is supported by the analysis of Angstrom turbidity
coefficient () (explained in next section). Instead of showing the hygroscopic growth

of aerosol particles, a prior study on the latitudinal change of aerosol characteristics
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over the IGP region to the Central Himalayas during the pre-monsoon investigated at

the AOD due to aerosol loading over the observation site.(Dumka et al., 2014).
45 Time Series (2010-2018) Analysis of Aerosol Inversion Products (AE,

Curvature of AOD Spectra, SSA, AAOD and AAE)

Monthly and seasonal variation of spectral AOD in the wavelength ranges of 0.34 pum
to 1.02 pm is studied using linear and second-order polynomial fit. Angstrom
parameters for different types of aerosol sources like biomass burning, urban, industrial
and desert dust for several AERONET sites were investigated in the past using spectral
AOD to distinguish them (Eck et al., 1999). Figure 28 represents monthly Angstrém

parameters (a and B) and curvature of the spectral AOD curve (a,). From the monthly

averaged data, we found that the average seasonal o was 1.14 + 0.01 in winter, 1.17 +
0.07 in the pre-monsoon, 1.10 £ 0.08 in monsoon, and 1.12 £ 0.08 in the post-monsoon
season. Similarly, a (= —2a,) were obtained 1.03 + 0.23 for winter, 0.55 + 0.14 for pre-
monsoon, 0.23 + 0.38 for monsoon, and 1.22 + 0.08 for post-monsoon seasons. The
seasonal turbidity parameters, B, were obtained to be 0.18 + 0.05 in winter, 0.31 = 0.04
in pre-monsoon, 0.11 + 0.06 in monsoon, and 0.16 + 0.04 in post-monsoon seasons.
Additionally, B provides an outline of aerosol loading in the vertical column, where
larger B indicates higher aerosol loading and smaller B indicates lower aerosol loading.
Figure 28 illustrates the seasonal fluctuations in the aerosol size spectrum, which we
can see the value of a are more or less the same from season to season despite a

substantial variance of AOD .

Though the value of a is found to be highest in the pre-monsoon season, followed by
winter, post-monsoon and summer, the value of o is found to be different even for
similar values of a. It clearly indicates that the variation of aerosol microphysical
properties can be better explained by the climatological pattern of a’, rather than that
of a. Figure 29 a and b shows the significant variation of o’for the months with similar
values of a. It is mainly observed in those months of transition of seasons, during which
transition of air masses take place. Values of o greater or close to 1 in the post-monsoon
and winter season indicate the contribution of fine mode particles in the columnar
aerosol size distribution. Such particles originated from anthropogenic, biomass

burning, urban and industrial sources. A value of a’close to 0.5 during pre-monsoon
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season indicates a bimodal distribution of particles and a value close to 0.2 during

monsoon indicate a dominance of coarse mode particles.

From Figure 29 a, it is observed that AOD s, and P show a significant correlation (R?
=0.98 and p-value = 4.6 x 10™!). It means higher values of B correlating with AOD
was associated with aerosol loading, mainly dominated by fine mode particles. The
lowest values of B correlating with low value of AOD 55, smallest value of o (~1), and
o’ (close to 0.2) supports the contribution of coarse mode particles compared to fine
mode particles on overall AOD. The lowest value of AOD ,, is associated with the

significant amount of rainfall during the monsoon season.
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Figure 28: Seasonal variation (2010-2018) of Angstrdm parameters (a, B) at Pokhara using the
linear regression (solid line), and o from second-order polynomial fit (dotted curve) of monthly mean
spectral AOD (in um) , in the logarithmic scale.

We analyzed a computed at different spectral bands for the identification of different
aerosol types, as shown in Figure 29b. It shows a significantly high difference of a in
post-monsoon and winter seasons at spectral bands (0 675-9.87) ~ %0.34-038)) indicating
the dominance of fine mode particles. During the pre-monsoon season, this difference
is found to be lower, indicating the presence of coarse mode particles but during the
monsoon season the difference is negative, which suggests the domination of coarse
mode particles (Eck et al., 1999; Kaskaoutis et al., 2007).
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Angstrom parameters are analyzed to observe the change in aerosol size spectrum using
the AERONET data of aerosol volume size distribution from Pokhara site. Figure 30
shows the monthly mean of the volume size distribution for different seasons. The
values of @ and «' is also presented, which shows the bimodal variation of particle sizes
for each month. From Figure 30, we can also observe that the volume size distribution
for the months with higher value of a' are dominated by accumulation mode of
particles, whereas, medium value of a' indicates both the modes and lower value of &'

suggests the coarse mode particles.
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The volume size distribution of the aerosol particles, plotted in logarithmic scale for
the particle size is shown in Figure 31. It also shows the bimodal variation of the aerosol
particle sizes for all the seasons, which coincides with the symptoms of the particle
sizes provided by «, B, and o’

The study of absorbing aerosols is presented in Figure 32 by the help of mean values
of SSA and AAOD . We obtained the data for only five different months of winter and
pre-monsoon season as per availability from the AERONET site. The figure shows the
increase in the value of SSA from 0.44 um to 0.675 pum and a decrease at longer
wavelengths. SSA values over Pokhara are observed to be 0.89 (January), 0.88
(February), 0.87 (March), 0.87 (April), and 0.87 (May) at a wavelength 0.44 um,
indicating the presence of reasonably strong absorbing aerosol components. Different
studies in the past for various AERONET locations reported that SSA spectra with dust
containing aerosols have increased SSA with increasing wavelength and it decreases

with increasing wavelength for the locations dominated by urban industrial or biomass
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burning (Bergstrom, Pilewskie, Russell, Redemann, Bond, Sierau, et al., 2007; Li et al.,

2015; Sigdel & lkeda, 2012).
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Figure 30: The seasonal variation of monthly averaged volume size distribution in logarithmic scale.
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Figure 31: The seasonal volume size distribution dV(r)/dInr (um3/um?) in the size range 0.05 um
-15 pm at Pokhara (2010-2018) (Regmi et al., 2020).
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Several past studies have used this trend to distinguish carbonaceous aerosols and dust
in various locations (Bergstrom, Pilewskie, Russell, Redemann, Bond, Quinn, et al.,
2007). We obtained the increasing trend of SSA spectra up to 0.675 um which indicates
the dominance of dust aerosols, and decreasing from 0.675 pum to 1.02 um indicates the

dominance of biomass burning, urban and industrial activities.

The Absorption Angstrém Exponent (AAE) was computed from the spectral
dependence of AOD( ) using a linear regression fit on the logarithmic scale plot
(Bergstrom, Pilewskie, Russell, Redemann, Bond, Quinn, et al., 2007; Li et al., 2015;
Sigdel & lkeda, 2012). AAE data were found for January (1.71 + 0.04), February
(1.5040.03), March (1.42 +0.03), April (1.384+0.03) and May (1.47+0.03) with ranges
1.38 to 1.71, which assists in specifying the presence of absorbing aerosols over the
atmospheric column of Pokhara. The investigations of AAE based on types of aerosols
in the different locations of AERONET in the IGP region, determined the values of
AAE to vary from 1.2 to 3 for dust, 0.75 to 1.3 for urban and industrial aerosols, and
1.2 to 2 for biomass burning(Bergstrom, Pilewskie, Russell, Redemann, Bond, Quinn,
et al., 2007; Moody et al., 2014; Srivastava et al., 2012). Similar study performed on a
different AERONET site dominated by an optical mixture of smoke, dust, and industrial
and urban pollution, have reported AAE in the ranges of 1.2 to 1.8 (Eck et al., 2010).
The values of AAE in our study agrees, which indicates the absorbing nature of aerosol

particles contained in the mixed type of aerosols.
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Figure 32: Monthly mean spectral SSA (top two), averaged within the months of years 2010-
2018 at Pokhara, for January, February, March, April, and May and AAOD (bottom two) in the
logarithmic scale with the linear fit in same scale.

4.6 Investigation of Aerosol Sources and Types over Pokhara

Figure 33 shows the air mass back trajectory seasonal clusters of five days reaching to
the Pokhara observation site at 500 m asl for the year 2017. The red dots are the active
fire spots. Figure shows the percentage contribution of each cluster for every season. It
revealed two separate pathways for the trans-boundary pollution. During winter and
pre-monsoon, it enters from the western side of IGP region (Western Nepal, West India
and Pakistan) when the influence of strong western disturbances occurs. The majority
of the air mass during the monsoon season arrived from the Bay of Bengal side and IGP
region's east. Dense fire spots were also seen over the area throughout the winter and
pre-monsoon season, which could increase the amount of biomass burning emissions
aerosols that are delivered to Pokhara and affect the air quality and increase AOD
during that time. Studies have also reported similar seasonal fire spots and air mass
flow in the past over the IGP region, supporting the results of this study (Kaskaoutis et
al., 2014; Rupakheti, Kang, Cong, et al., 2018b). In addition, during post-monsoon
season a large number of crop residue burning occurs in the north-west part of India.

The number of active fire spots are comparatively less during the monsoon season, that
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may be due to heavy rainfall and cloud cover in South Asia, caused by moist air from

Arabian sea and Bay of Bengal.
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Figure 33: Clusters of five days air mass back trajectories computed with HYSPLIT model during four
seasons of 2017 reaching Pokhara at altitude 500 m. The active fire spots are symbolized with red dots
at different seasons obtained from FIRMS. The percentage contribution of each cluster is given on the

bottom right corners (Regmi et al., 2020).
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Figure 34: (a) The true-color image of the 27th of October, 2017 from the MODIS satellite,
displays significant air pollution in the form of plumes over the IGP. (b)) NOAA HYSPLIT MODEL
Back Trajectories ending at Pokhara at 0600UTC on 27 October 2017 (Regmi et al.; 2020)

78



4.7 Diurnal Variation of AOD (to.50), AE coefficients and Precipitable Water

during 2017 in Pokhara

In this section, we have presented a time series of daily averaged aerosol optical
properties, T o.50, Angstrom Exponent (AE) in broadband (0.44 pm — 0.87 pum) and
Precipitable Water

(PW) in cm, from January to December of 2017, as shown in the Figure 35 (a, b, c)
along-with the monthly averaged values of these parameters in Table 1. It shows that
the aerosol loading is strong in the months from March to May with significant
contribution of fine mode particles. The value of AE indicates an approximation for the
dominant size of aerosol particles and previous studies in the Himalayan foothill region
and Delhi reported a reference of threshold values of AOD and AE for anthropogenic
0.3-1.3 and > 0.9, for mixed type aerosols 0.4-0.7 and < 0.9, for biomass burning >1.3
and > 0.8 and for dust particles > 0.7 and < 0.6 respectively (Rupakheti, Kang, Cong,
et al., 2018a; Sharma et al., 2014). The significant deviation in the values of AOD and
AE corresponds to the various types of particulate matter loading in the atmosphere
(Eck et al., 1999, 2012). During the monsoon season, we observed a significant
reduction in the values of AOD and a large amount of PW (Table 4). The low and stable
value of AOD may have caused due to the differences in the production and flushing

of the particles between dry and rainy seasons.
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Figure 35: Time series of daily averaged columnar (a) AOD values at a wavelength 0.50 pum,
AODy 50 (b) AE values with in the wavelength range 0.44 um - 0.87 um and (¢) PW in c¢cm, at Pokhara
during the year 2017. The bottom scale represents Julian days.

Both AOD and AE shows a distinct seasonal trend during the months of pre- and post-

monsoon seasons. It increases from the end of winter towards pre- monsoon season,
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which may be due to the buildup of anthropogenic aerosols. Since this is the season of
harvesting in the region, the burning of crop residue is common that hugely contributes
the smoke and ash particles in the atmosphere. As evident from the Table 4, PW is
highest during monsoon that gradually decreases from post- monsoon to the early pre-
monsoon.

Table 4: Monthly average of Aerosol optical depth (AOD), Angstrom exponent (AE) and Precipitable

water (PW) with standard deviation during 2017 at Pokhara station. A large variation in daily data gives
significant standard deviation.

AE Precipitable-Water
Months AOD_0.50pm

(0.44pm-0.87pm) (PW)incm
Jan 0.30(0.12) 1.43(+0.05) 1.21(%£0.22)
Feb 0.79(£0.33) 1.30(+0.09) 1.56(+0.25)
March 0.72(+0.49) 1.27(£0.18) 1.95(%£0.59)
April 0.79(£0.45) 1.21(+0.22) 2.31(+0.67)
May 0.52(+0.31) 1.25(+0.19) 3.06(+0.45)
June 0.34(+0.18) 1.31(£0.14) 3.91(+0.46)
July 0.12(x0.05) 1.41(£0.18) 4.63(£0.19)
Aug 0.16(+0.08) 1.39(30.18) 4.70(+£0.30)
Sep 0.31(x0.15) 1.41(x0.09) 3.98(+0.28)
Oct 0.36(+0.21) 1.40(+0.06) 2.83(+0.57)
Nov 0.31(£0.20) 1.41(£0.06) 1.81(%0.23)
Dec 0.30(%0.14) 1.37(x0.08) 1.31(x0.36)

4.8 Spectral dependence of AOD

AOD exhibits a considerable dependence at shorter wavelengths and gradually declines
at longer wavelengths, as seen in Figure 36. It suggests the existence of particles in the
fine to coarse mode. The AOD values at shorter wavelengths are increased by the fine
mode particles' enhanced scattering, whereas the AOD values at longer wavelengths
are decreased by the coarse mode particles (Eck et al., 1999). Additionally, it is clear
that the variance in AOD exhibits a consistent pattern throughout the year. Pre-
monsoon season has the greatest average value of AOD, followed by winter, post-

monsoon, and monsoon season.

Characterizing change in spectral AOD curvature (o) using a single value of a is simply
an approximation because the value of o shown in Figure 36 may be caused by the

presence of many aerosol types in the atmosphere (Pedrés et al., 2003). First order
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linear fit is used to study how averaged AOD based on several seasons change with
wavelength in a logarithmic scale which is used to calculate Angstrém exponents and
turbidity parameters. Based on data from a single year, these parameters for all seasons
are determined to be: B = 0.19£ 0.01 and o = 1.16 £ 0.07 (winter season), f = 0.29 +
0.01 and o= 1.13 £ 0.04 (pre-monsoon season), p = 0.09 £ 0.03 and o = 1.25 £+ 0.03

(monsoon season), and = 0.13£ 0.01 and a = 1.22 + 0.07 (post-monsoon season).

The amount of aerosol loading in the vertical column is suggested by the variation in
turbidity parameter (B) and it is found that the order of § values completely match with
values of AOD variation. The AE values show the significant contribution of fine mode
particles. Using the mean spectral AOD at wavelengths ranging from 0.34 um to 1.64
pm, values of o were calculated. The seasonal o values were determined to be o= 1.36
+ 0.06 for the winter season, 1.24+ 0.03 for the pre-monsoon season, 1.37 £ 0.05 for
the monsoon season, and 1.40 + 0.01 for the post-monsoon season based on the spectral
AOD at wavelengths ranging from 0.44 pm to 0.87 um. The results of our investigation,
estimated using two alternative AOD wavelength ranges, reveal relatively little

variation, with somewhat higher results found in the ranges of 0.34 um to 1.64 um.
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Figure 36: Seasonal variation of the mean AOD at Pokhara, 2017 (a) at various wavelengths (L)
and (b) linear fit in logarithmic wavelength scale.

4.9 Contribution of Fine and coarse mode particles on AOD

Figure 37 displays the Fine mode's partial impact on AOD. The contribution of fine
mode particles to the total AOD is greater than 70% in all months, with the largest
contributions of 94% in November and February and 79% in July. One of the most
crucial factors for describing the aerosol particles in the atmosphere is the particle size
distribution. According to Seinfeld (1998), the size distribution of atmospheric particles
strongly suggests the origins of aerosols. The majority of the mechanical processes that
produce the coarse mode particles, which have diameters more than 1 micrometer, and
that are directly released from anthropogenic and natural processes into the atmosphere.
The combustion of fuels such as wood, oil, coal, gasoline, and other substances releases
fine mode particles, which have a diameter of less than 1 micrometer, into the
atmosphere. Fine particles typically contain significant amounts of organic material in
addition to soluble inorganics like ammonium, nitrate, and sulfate due to the nature of
their sources (Moody et al., 2014).

It is therefore not surprising to discover that the fine mode fractional AOD, percentage
contribution of fine mode aerosols is higher in the pre-monsoon and post-monsoon
seasons compared to the summer monsoon months (Figure 37). By October, the moist
air has almost entirely disappeared due to this retreat, and the weather has returned to
being chilly, clear, and dry. After the pre-monsoon period, the summer monsoon, a
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powerful flow of humid air from the southwest, occurs, altering the particle
composition and raising the amount of water in the atmosphere. An earlier study reveals
that the burning of biomass and fossil fuels has significantly increased the amount of
elemental carbon in Pokhara (Tripathee et al., 2016). This demonstrates that fine mode
particle concentrations are abundant in the atmosphere of Pokhara and play a substantial
role in the reduction of solar radiation during the pre- and post- monsoon seasons as

compared to the rainy season.
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Figure 37: Monthly Percentage contribution of fine mode particles on total AOD over Pokhara,
2017.
Figure 38 shows the impact of aerosol on solar radiation. It is observed that the
contribution of fine mode particles is increased from post-monsoon to pre- monsoon
seasons. Anthropogenic aerosols must have an effect at this time, and in the summer
the overall AOD drops significantly, indicating the effect of monsoon-related rainfall.
Only roughly 12% of the total average AOD from February to April is contained in the
two months of July and August. It indicates the significant presence of aerosol plumes

in the atmosphere during pre-monsoon period.
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Figure 38: Monthly average total AOD and AODs due to fine and Coarse Mode particles in
Pokhara in the year 2017.

4.10 Variation of Radiative Forcing

Calculating the change in the radiative energy balance is a typical method for estimating
the effects of atmospheric changes on the Earth-atmosphere system. The changes in the
radiative fluxes at the top of atmosphere (TOA) and bottom of the atmosphere (BOA)
gives the radiative forcing on the earth surfaces. The impact on the entire Earth-
atmosphere system is summarized by TOA forcing and the impact on exchange
processes between the atmosphere and the Earth’s surface is explained by BOA forcing.
We have analyzed the TOA and BOA forcing during pre-monsoon period of 2017 in
Pokhara. The seasonal average of BOA forcing is found to be 82.02+ 27.63 and TOA
forcing is -23.94 £ 4.71. The maximum BOA forcing is observed during the month of
April (111.69) and minimum during May (56.23). Similarly, the maximum TOA
forcing is also observed in the month of April (-28.96) and minimum in May (-19.62)
as shown in Table 5 and Figure 39 (a-e). The forcing at TOA corresponds to the cooling
effect on the atmosphere that ranges from -19.62 to -28.96 during the pre-monsoon
season in Pokhara that indicates presence of dust particles in significant amount in the
atmosphere. Figure 40, 41 and 42 show the daily variation of radiative forcing and Flux
during the year 2017 in Pokhara. It can be observed that, the radiative forcing is large

during pre-monsoon season and minimum during monsoon season.
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Table 5: Variation of Radiative Forcing during Pre- Monsoon Period of Pokhara, 2017

Month | Flux Flux_ | Flux_ | Flux_ | Rad_F | Rad_F | Forcing | Forcing | Diffuse | Diffuse
of Down | Down | Up Up orcing | orcing | _Eff _Eff (BOA) | (TOA)
2017 | (BOA) | (TOA) | (BOA) | (TOA) | (BOA) | (TOA) | (BOA) | (TOA)
March | 428.96 | 669.79 | 58.32 | 127.06 | 78.64 |-23.23 | 191.39 |-6562 | 1.86 159.42
April 365.37 | 632.95 | 53.12 | 131.08 | 111.19 | -28.96 | 187.37 | -52.73 1.68 167.96
May 420.35 | 648.89 | 61.86 | 122.60 | 56.23 | -19.62 | 17491 | -60.74 | 1.83 149.92
Av. 404.89 | 650.54 | 57.77 | 126.91 | 82.02 | -23.94 | 184.56 | -59.70 1.79 159.92
Stdev | 3449 | 1848 |4.39 4.24 2763 | 4.71 8.59 6.50 0.09 9.03
Variation of Flux_Up Variation of Flux_Down
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Figure 39: Variation of Radiative Forcing (a-€) in Pokhara during Pre-monsoon period of 2017.

86




900 —=— Flux_Down(BOA)

800
700

600

Flux Down

500

400

300

200

100 - T T T T T T T T T T T T T
50 100 150 200 250 300 350
Day of the year 2017

Figure 40: Daily variation of flux down at the top of atmosphere (TOA) and bottom of atmosphere
(BOA) at Pokhara, 2017.
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Figure 41: Daily variation of flux up at the top of atmosphere (TOA) and bottom of atmosphere
(BOA) at Pokhara, 2017.
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Figure 42: Daily Variation of Radiative forcing at the top of atmosphere (TOA) and bottom of
atmosphere (BOA) during the year 2017 at Pokhara.

4.11 Relationship between AOD and Radiative Forcing

We have observed the AERONET data of Pokhara station in the year 2017 to analyze
the relationship between AOD and radiative forcing. As we know the magnitude of
cloud cover and the duration of bright sunshine hours are the key factors that makes the
significant difference in the magnitude of irradiance on the earth surface. Figure 43
shows the monthly variation of diffuse radiation (BOA) and AOD 500nm. The plot
shows an increasing trend in AOD with the decreasing values of diffuse radiation. The
months of post-monsoon and winter (Oct, Nov, Dec, and Jan) show higher values of

diffuse radiation during which the AOD values are lower.

Table 6: Monthly Variation of Diffuse Radiation and AOD _500 nm at Pokhara, 2017.

Month of 2017 AOD_500 nm Diffuse (BOA)
JAN 0.30 2.19
FEB 0.80 1.94
MAR 0.69 1.86
APR 0.79 1.68
MAY 0.51 1.83
OCT 0.36 2.15
NOV 0.31 2.16
DEC 0.29 2.19
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Figure 43: Monthly averaged Aerosol Optical Depth at 500 nm with the months of 2017.
4.12 Monthly Variation of Global Solar Radiation (GSR) in Pokhara in the year 2020
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Figure 44: Box plot for monthly variation of GSR for the year 2020 at Pokhara

The data obtained from Pyranometer for the DHM data station Pokhara in the year 2020
was analysed using Box and Whisker plot as shown in Figure 44. The daily averged

data were used to observe monthly variation. It shows the maximum GSR values
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gradually increases from January to March. A slight decrease is observed in April,
which again increases up to June. From July, it gradually decreases to December. In
almost all the months, mean values found to be lower than the median value of the
respective months. The maximum average is observed in March [(19.19+4.61) MJ/m?]

and a minimum average in January [(9.31+4.39) MJ/m?].

Variation of GSR and AOD in Pokhara 2020
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Figure 45: Comparative analysis of GSR data obtained from Pyranometer with aeronet AOD data
for the year 2020 at Pokhara.

Table 7: Seasonal Meteorological Parameters for the year 2020 January to 2020 November

Season Temperature (° C) Relative Humidity (%) | Air Pressure (h Pa)
Pokhara | Pulchowk | Pokhara Pulchowk | Pokhara | Pulchowk

Winter (Jan, Feb) 16.80 17.98 59.22 50.73 914.49 | 872.43
Pre-Monsoon (Mar, Apr, | 24.22 24.01 55.80 48.76 910.40 869.55
May)

Monsoon  (June, July, | 28.91 29.04 66.99 59.11 905.08 | 865.20
Aug, Sep)

Post-Monsoon (Oct, Nov) | 24.47 25.91 58.56 45.93 911.97 | 871.25

The GSR data was compared with AOD data obtained from AERONET Pokhara for
the same time period 2020 as shown in Figure 45. It can be observed that with the

increase in aerosol loading in the vertical column, the amount of solar radiation
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reaching to the ground decreases. When the correlation analysis was carried out, it was

found that they are negatively correlated (-0.15) which is not much significant.
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Figure 46: Daily mean concentrations of (a) PM1 and (b) PM2s in Pokhara and Pulchowk from
January 15, 2020 to November 27, 2020.

Figure 46 (a,b) shows the daily mean concentrations of PM2s and PMyg in two large
cities of Nepal, Pulchowk (Kathmandu valley) and Pokhara from January 15, 2020 to
November 27, 2020 (These analysis were made on last week of November 2020). It
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reveals that the concentration of PM1o and PM2 s both are higher in Pulchowk than that
in Pokhara throughout the year. In winter the maximum concentration of daily average
for PM2s was 115.33 in Pokhara and 159.86 in Pulchowk. In Pre-monsoon it was
155.24 in Pokhara and 176.14 in Pulchowk. But the average concentration decreased
due to lockdown followed by COVID-19. However, it shows the concentration is higher
during winter season and graduallay decreasing till monsoon and again increasing

during post-monsoon. Their values are presented in Table 8.

Table 8: Seasonal average concentrations of PM2s and PMy in Pokhara and Pulchowk along with the
ratio of PMz.s to PM,

PMzs pg/m? PMio pg/md PM2s/PMyo
Pokhara Pulchowk Pokhara Pulchowk Pokhara | Pulchowk
Winter 61.11+15.67 | 99.72+ 12.65 | 68.05£13.03 | 116.39+12.87 | 0.89 0.86
Pre- 38.03+20.59 | 55.72 £19.95 | 43.57+10.91 | 65.49+23.86 0.87 0.85
Monsoon
Monsoon | 17.35+3.51 | 21.73+5.53 18.38 £7.77 23.56+7.67 0.94 0.92
Post- 39.85+9.66 | 52.78+29.80 | 52.36+ 6.60 63.54+31.72 0.76 0.83
Monsoon

The seasonal variation of average concentrations of PM2s and PMyo is presented in
Table 8 with standard deviation. It shows Pokhara is comparatively clean than
Pulchowk. The concentrations of both the fine and coarse mode particles are less in
Pokhara in all the seasons than that in Pulchowk. The lowest concentration of PM2s is
observed in Pokhara during monsoon (17.35 + 3.51) and maximum during winter
(61.11£15.67). Similarly in Pulchowk, the lowest value during monsoon (21.73+ 5.53)
and maximum during winter (99.72+ 12.65) was observed. Except in winter, the
average level of PM2 s in Pokhara is below the national standard of ambient air quality
(40 pg/ m®* NAAQS, 2012) but in Pulchowk, it is below the safe level only during
mosoon and rest of the season show a high value of PM2s. Both the results show the

significant seasonal variation in the concentration of PM2 .

The case of PMyg is also similar since the concentrations in both the stations are lowest

in monsoon and highest in winter as can be seen in the Table 8.
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The ratio of PM25 / PM1o can reflect the proportion of fine particles to coarse particles

in the atmosphere of a region.

4.13 Daily Variation of PM1, PMzsand PMuo in different Seasons

While comparing the concentrations of different types of PM (PM1, PM25sand PM1o) in
Pokhara, as shown in Figure 47 and Figure 48, it is found that the total contribution of
particulate matter is due to mixed type of particles in all the seasons. It can be observed
nearly equal contribution of PM1o and PM2s (coarse and fine mode) with the slight
domination of coarse mode. But the contribution due to ultra fine particles (PM1) is
comparatively very less. It may be due to less efficacy of the device as previous studies
suggest that the low cost sensors are not efficient enough to track ultra fine particles.
But such sensors can effectively record short lived events of pollution (Bulot et al.,
2019). Similar result was obtained upon analyzing AERONET data for seasonal
variation from 2010 to 2018 (Regmi et al., 2020).
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Figure 47: Comparison of Concentration of PM; pg/m3, PM3s pug/m® and PMyo pg/méin Pokhara
observation site during winter, pre-monsoon and monsoon season 2020.
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Figure 48: Comparison of Concentration of PM; pg/m?, PMzs pug/m® and PMyo pg/m?® in
Pulchowk observation site during winter, pre-monsoon, monsoon and post-monsoon season 2020.

4.14 Seasonal Scatter Plot for PM 25 in Pulchowk and Pokhara

The seasonal scatterplot of the PM 25 data that were simultaneously recorded between
Pulchowk and Pokhara is shown in Figure 49 (ato d). The PM2s correlation coefficient
in Pulchowk and Pokhara is 0.77 in the winter, 0.67 in the premonsoon, 0.62 in the

monsoon, and 0.66 in the postmonsoon. Based on the availability of a year's data, the
seasonal variation was examined.

There is a strong correlation between the PM2 s levels in these two locations, pointing
to similar air pollution from sources such as roadside dust, traffic pollution, and
transboundary air pollution that is lodged in the atmosphere.
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Figure 49: Seasonal scatter plot for PM.5 in Pulchowk and Pokhara for the year 2020

4.15 Monthly Variation of Hourly Averaged PM 25 Concentration

The hourly averaged monthly concentrations of aerosols, particulate matter PM2s,
observed from January to November 2020 by PurpleAir monitor are shown in Figure
50. The particle mass concentration is visibly significant for all months during the
traffic affected time, such as morning and evening. The figure also shows that during
the traffic rush hours, PM2s increases gradually and peaks at about 8 am local time.
During this time, the highly detected particle concentration may be due to the formation
of a new particle given by the traffic flow and low temperature, which might have
affected the formation of secondary aerosols from the precursor gases (Mues et al.,
2018). Low temperature enhances the nucleation and condensation of emitted
condensable compounds, providing many particles that can form and successively grow
to a detectable size. The lower concentration of PM 25 in the mid-days can be affected
due to the convection effect in which warmer, lighter air masses, pollutants move from

the ground to higher altitudes.
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The bimodal PM2 s peaks observed in the morning and evening also coincide with the
peak hours of domestic cooking or heating, such as cooking foods in the city. The
frequency of PM2.s concentration patterns is similar in all months. However, the hourly
observed PM: s shows a decreasing trend after March. This trend can be due to the rise
in temperature in which the surface-level particles quickly diffuse to the vertical
atmosphere. The traffic flow was also significantly reduced due to the COVID
lockdown period from March to July (Baral & Thapa, 2021). The monsoon also
dramatically dilutes and wash away the air pollution in the Kathmandu valley from June
to September (Becker et al., 2021). This study shows that surface-level PMas
concentration at the Kathmandu valley reflects a significant local level anthropogenic

effect such as traffic and domestic cooking.

Figure 50 provides hourly variations of seasonally averaged PM2s concentration (in
png/m3) and temperature (in °F) for 2020. The error bars represent the standard
deviations of the measurements. The average maximum PMgzs was observed in the
winter season (101 +26.31 ug/m3) while the minimum was found in summer
(22.7843.23 ug/m?) and similarly, the average concentration was observed in spring
(55.584+11.42 ug/m?) and in autumn, it was observed (45.46+12.16ug/m?). The
particle mass concentration is significantly higher for all seasons during the morning
and evening traffic-rush hours. However, the evolution of the hourly PM2s pattern
depicts wide variations over the four seasons of the year. In fact, the amplitude and
width of PMg2s for rush hours are maximum for winter and in spring seasons.
Interestingly, both patterns show a decreasing trend for Autumn and almost no
significant variations for the summer season. The evolutions of PM2 s pattern exhibits
the signature of local activity, such as emission from house hold cooking and from
traffic emissions. It shows that during the traffic rush hours, PM 25 increases gradually

and peaks at about 8 am local time.
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At this time, the highly detected particle concentration may be due to the formation of
a new particle given by the traffic flow and low temperature, which might have affected

the formation of secondary aerosols from the precursor gases (Mues et al., 2018).
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Figure 51: Hourly averaged (at local time) particle concentration (PM. ), relative Humidity
(RH%), and temperature (°F) for seasonally averaged data by using the corresponding months' data for
each season at Pulchowk in 2020. The scales for all graphs are shown.

Low temperature enhances the nucleation and condensation of emitted condensable
compounds, providing many particles that can also form and successively grow to a
detectable size. A previous study has shown that traffic is a significant source of
atmospheric pollutants in the urban area with coarse particles associated with non-
exhaust sources such as road abrasion, brake, and tire wear. However, fine particles are
directly associated with fuel combustion (Kumar et al., 2016; Kumar & Goel, 2016;
Pant & Harrison, 2013; Singh et al., 2017).

The variation of PM2 s concentration patterns is similar in all seasons, which is bimodal.
The hourly averaged mass concentration decreased after the winter season up to
summer and then increased in autumn. This trend can be due to the rise in temperature
in which the surface-level particles quickly diffuse to the vertical atmosphere causing
low concentration at the surface level. The traffic flow was also significantly reduced
due to the COVID lockdown period from March to July (Baral & Thapa, 2021). The

monsoon also dramatically dilutes and wash away the air pollution in the Kathmandu
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valley from June to September (Becker et al., 2021a). Many research articles have
shown that PM2 5 is significantly contributed by commercial and household cooking in
the urban areas (Balasubramanian et al., 2021; Pervez et al., 2019; Robinson et al.,
2018). The use of household fuel used for cooking and heating the house contributes
significantly to anthropogenic particle emissions ranging from 20-55% on a global
scale (Balasubramanian et al., 2021; Pervez et al., 2019). This study concludes that
surface-level PM 25 concentration at the Kathmandu valley reflects a significant local
level anthropogenic effect such as traffic and domestic cooking. However, we have not
analyzed the chemical components of pollutants. Table 9 shows that the mass
concentration is found lowest in the early mid-day while maximum in the morning in
all seasons. The lower concentration of PM.s in the mid-days can be due to the
convection effect in which warmer, lighter air masses pollutants move from the ground
to higher altitudes and less use of domestic and commercial cooking in the daytime in
comparison to the morning time based on the direct observation of life living pattern in

Kathmandu city.

Table 9: The average, maximum and minimum mass concentration (PM:.) hourly averaged data of each
season at Pulchowk in 2020.

Seasons Average (£STD) | Max. (£STD) Time for | Min. (£STD) | Time for
Max data .

ug/m?3 ug/md Min data

Winter 101.29+26.31 158.64+1.68 8.00 am 60.52 + 0.86 | 3:00 pm

Spring 55.58+11.42 80.41 +27.47 | 7:00 am 40.02+10.61 2:00 pm

Summer 22,78 £ 3.23 28.15+5.71 7:00 am 17.86 + 5.50 | 2:00 pm

Autumn 45.40+12.16 58.51+10.6 5:00 am 22.68 +3.96 | 12:00pm

4.16 Morning and afternoon MODIS AOD and Comparison with PM 25

As shown in Figure 52, we observed that overall Aqua (afternoon) observations slightly
over-lead the Terra (morning) AOD. A similar report was also presented previously in
the spatial observations of AOD using two satellites (Ichoku, 2005; Koelemeijer et al.,
2006). However, Figure 4 shows the correlation between Aqua and Terra AOD by using
52 data points, and it is found that they significantly correlate r = 0.942, and R?= 0.888,
and P <<0.001. These differences signal the temporal variations of aerosol loading and
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possibly due to potential calibration differences between two satellite sensors. We have
observed that for April, the deviation of AOD data is significant from the 1:1 line and
was observed slightly higher in the afternoon (Aqua) (Green et al., 2009). It indicates
some additional aerosol loading in the afternoon over the vertical column. Overall, we
find that these two estimates of AOD by two satellite measurements can represent the

reliable and comparable aerosol optical depth and be used for the daily average.
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Figure 52: Scatter plot of 8) MODIS AOD (Terra) vs MODIS AOD (Aqua) using the same day
data observed from two satellites in Kathmandu, 2020 with 3km x 3km resolution. In the figure, some
of the data also show the very nominal standard deviation.

The significant correlation between the morning and afternoon MODIS AOD retrieved
from observed data by Aqua, and Terra depicts that the combined AOD data by two
satellites can be compared to observe simultaneously with other components such as
PM2s. In this study, we used three hours averaged PMa s as the mid hours coinciding
with the MODIS AOD data to compare with MODIS AOD data. The standard deviation
and linear best fit line are shown in Figure 53. The best fit line gives an equation, AOD
550nm = 0.038(% 0.037) + (0.0068 + 0.0006) PM, 5 (PA), and the correlation coefficient
(R?=0.407) and P-values (<<0.005) are also obtained from the plot.
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Figure 53: Scatter plot of MODIS AOD sg0 nm Observed by Aqua and Terra satellites vs. PM2 s
(PA) observed by PurpleAir monitor at Pulchowk in 2020 (Regmi et al., 2023).

Table 10 shows the correlation coefficients for all data and also for each season and is
observed different R? while using the correction factor f(RH). The correlation factor
has changed noticeably while using the relative humidity correction factor AOD/f(RH).
The variation on R? indicates the higher effect of f(RH) on the season of lower
temperature, however, in summer months, we have very few coinciding data available
of MODIS AOD and PM »s5; therefore, these data cannot show a significant result for
our analysis, although we have presented in the table. The correlation coefficient
variations indicate the importance of considering the effect of atmospheric physical
conditions to present the aerosol optical depth while observing from the satellite. At the
lower average temperature, the aerosol particles distribute uniformly near the surface,
and the planetary boundary layer will also be comparatively low than in high-
temperature months (Zhang et al., 2009). At low temperature, the particle
concentrations can remain close to the surface due to the temperature inversion showing

the significant effect of vertical column AOD correction with f (RH).

101



Table 10: The correlation coefficients between MODIS AOD (without and with relative humidity

correction) and PM_ for each seasons’ data (2020) at Pulchowk.

Seasons/ Combined AODs50 nm VS. PM2sea) AODss0 nm /f(RH) vs. PM25pa)
All Data (172) r=0.638; R=0.407 r=0.703; R=0.495
Winter (Dec-Feb) (28) r=0.643; R*=0.413 r=0.780; R?=0.608
Spring (March-May) (77) r =0.653; R?>= 0.426 r=0.713; R?= 0.508
Summer (June-Sep) (9) r=0.134; R?=0.018 r=0.170; R?= 0.028
Autumn (Oct-Nov) (58) r=0.288; R?=0.083 r=0.542; R=0.293

4.17 Comparison of hourly averaged seasonal PM 25 data from two different types
of Sensors installed at Pulchowk (Lalitpur) and Phora-Durbar (Kathmandu)

For the validation of our data from PurpleAir monitor at Pulchowk, Lalitpur, we
compared the data from MODIS device by collocating the data. Besides this, we also

compared it with the data from Beta Attenuation Monitor (BAM) installed at Phora-
Durbar Recreation Center (US Embassy) .

Seasonal comparison of hourly averaged PM 2.5

—e—Winter PK Winter PH
Pre-monsoon PK Pre-monsoon PH
—e—Monsoon PK —eo—Monsoon PH

—e—Post-monsoon PK —e—Post-monsoon PH

PM 2.5 (pg/m3)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time in Hours (LT)

Figure 54: Seasonal Comparison of Hourly averaged (at local time) particle concentration
(PM25s), for two locations Pulchowk and Phora Durbar
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Table 10: Comparison of PM. 5 data from two different devices (Beta Attenuation Monitor; BAMs and
PurpleAir) in two different locations: Phora Durbar(PH) and Pulchowk (PK) (Near to each other)

Time Winter | Winter | Pre- Pre- Monsoon | Monsoon | Post- Post-
in PK PH monsoon | monsoon | PK PH monsoon | monsoon
Hours PK PH PK PH
(LT)

0 101.79 | 108.58 | 77.95 55.77 23.64 21.79 66.68 49.20
1 95.78 | 98.81 76.58 54.83 21.86 20.53 64.94 48.36
2 95.96 | 90.33 77.51 55.31 21.20 19.91 65.55 48.90
3 87.81 | 83.42 78.42 55.74 2091 19.64 62.55 47.33
4 88.23 | 79.03 79.21 56.10 20.51 19.39 61.49 46.87
5 92.46 | 76.39 84.60 59.21 21.60 20.48 64.02 48.20
6 108.29 | 77.18 96.67 66.39 23.92 22.45 73.66 53.07
7 128.68 | 84.94 110.81 75.35 28.61 26.10 97.02 66.00
8 151.54 | 98.70 118.73 80.42 31.52 28.15 117.87 78.58
9 158.64 | 112.38 | 113.86 77.41 31.14 27.98 114.19 75.89
10 141.80 | 119.41 | 93.73 65.42 28.83 26.21 101.01 67.89
11 111.87 | 115.71 | 69.18 50.64 26.52 24.31 74.36 53.01
12 88.27 | 99.52 53.23 41.37 23.66 22.17 53.06 41.31
13 68.20 | 81.64 51.19 40.14 21.34 20.07 42.23 35.02
14 61.97 | 64.90 52.14 40.51 19.65 18.63 40.74 33.92
15 60.52 | 54.82 50.50 40.02 18.60 17.86 44.34 35.98
16 64.35 | 50.05 53.27 41.84 20.27 19.17 52.79 41.33
17 77.63 | 48.70 58.35 44.73 21.81 20.37 67.83 50.45
18 91.35 | 55.10 66.74 49.63 25.06 22.89 81.63 57.95
19 105.49 | 71.15 75.78 54.71 27.80 25.37 83.34 58.48
20 112.97 | 85.66 80.21 57.20 30.33 27.21 83.74 58.32
21 116.75 | 99.92 81.68 57.94 29.64 26.52 79.39 56.05
22 113.70 | 110.57 | 80.13 57.13 29.25 25.87 75.25 54.03
23 107.01 | 112,52 | 78.94 56.36 26.43 23.76 71.58 51.83

The hourly averaged seasonal PM2s values are presented in Table 10 for these two
stations. It shows similar pattern of the data in both the stations with a very good
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correlation. Figure 54 shows the comparison of seasonal variation of hourly averaged
PM2 5 concentration at Phora-Durbar with that in Pulchowk, both of which are bimodal
in nature. It is observed that the PM2s from PurpleAir are overrated compared to the

PM2 s data from BAMs as can be seen from Figure 55.

4.18 Correlation between PM 25 at Pulchowk and PM 25 at Phora Durbar

The processing algorithms of the Plan-tower PMS5003 sensors (PA-PMS) used in the
PurpleAir (PA) monitor configuration is unknown for public (He et al., 2020). The
reliability of purpleair data PM. s is also observed by comparing the monthly averages
PM25 observed from the purple air monitor at IOE, Pulchwok with the AmbientAir
Quality Monitoring Station (BAM), supported by the U.S. Embassy at Phora Durbar

Recreation Center.
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Figure 55: Monthly variation of Scatter plot of PM2s (US) at Phora Durbar vs. PM. 5 (PA)
observed by purple air monitor at Pulchowk to establish correlation between them

The two data are correlated significantly. However, PurpleAir PMzsea) data (ng/m?)
are overrated compared to the U.S. embassy data (PM2s(us) data (ng/m?3), i. e. all the
monthly average data observed from purple air are above the 1:1 line (Figure 55).
However, in this study we have use the PurpleAir data for further analysis . The

correlations between these two measurements is R? = 0.98 with the equation,

PM 255 (pA)=0.933(% 0.0498) PM25 (us) +13.231 (£ 2.40).
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4.19 Seasonal Cluster Analysis

As this work compares the vertical column AOD and surface-level particle
concentration therefore, we present the seasonal (winter, spring, summer, and autumn)
back trajectory cluster analysis using the airmass trajectory of 2020 arrived at the
observation site to indicate the additional influence of air pollution over the vertical
column other than the surface level aerosols. The back trajectory of air mass for the
seasonal clusters of five-day reaching over the observation area at an altitude of 500 m
showing the long-range transport of air pollutants over the vertical column is presented
in Figure 56.
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Figure 56: NOAA HYSPLITT Track showing the trans-boundary air pollution track showing the
possible trajectories of the air parcels. The tracks are shown at 500 m asl ending at Kathmandu in 2020
(Regmi et al., 2023).

The percentage contribution for winter shows that 44% of air mass contributes from the
south region, 38% from the southwest region crossing the Indo-Gangetic plain, 16%
from western air mass, and the remaining 2% from the western, northwestern region.
Overall, from Figure 56, it can be seen that the southwesterly air mass contribution
during winter (December-February) and spring (March-May) has significantly affected
the observation site. The contribution percentage and direction are shown in Figure 56.
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During the monsoon (June-August), the prominent contribution is from southeasterly
24% and the main effect from the Bay of Bengal, which is 57%. In the Autumn
(September-November), the southerly airmass is mainly transported from Indian
inland. The previous study has also shown that the Kathmandu valley profoundly
receives the air mass crossing the highly polluted region such as the Indo-Gangetic
plain (Regmi et al., 2020). These air masses transported from different sources might
affect the overall vertical aerosol population over Kathmandu and the column
integrated AOD resulting the overall correlation factors while comparing column

integrated AOD vs. surface-level PM2s.
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Figure 57: Cluster of five days air mass back trajectories computed with Analysis NOAA
HYSPLITT with HYSPLIT model reaching Kathmandu valley at 1000 m asl at different seasons. The
percentage contribution of each cluster is shown in different colors.

106



Winter

Summer Autumn

10°N 1
45 SO°E S55°E 60°E 65°E 70 7S°E BO°E B85 O0°E 95 45°E SO°E SSE 60°E 65E 70°E 7S°E 80°E 85°E O0°F O5°E

Figure 58: Cluster of five days air mass back trajectories computed with Analysis NOAA
HYSPLITT with HYSPLIT model reaching Kathmandu valley at 1500 m asl at different seasons. The
percentage contribution of each cluster is shown in different colors.

When we observe the clusters of air mass trajectory as in Figure 57 and Figure 58, there
is very little difference between the prominent clusters at 1000 and 1500 meters and
those at 500 meters. The air pollution at the observation point therefore travels
vertically from a direction similar to that of 500 meters. On its journey to the
observation site, the Kathmandu Valley, the air mass trajectory passes across the IGP
region at various heights. As a result, the aerosol optical depth and the total vertical air
pollution concentration are primarily affected by air pollution above the IGP region.

While summing up, we can see three major air masses pass over the Kathmandu valley
every season, with five clusters having the best representation, according to percentage
contributions, and three of these air masses are most common. Fast-moving air masses
have a lower contribution to air pollution at the observation location, according to the
cluster analysis, which ranges from 1 to 7 percent.
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CHAPTER 5

CONCLUSIONS

This study examines the optical and microphysical characteristics of the atmospheric
column at various AERONET sites in Nepal (Lumbini, Jomsom, Kathmandu Bode, and
Foothills of Mount Everest, EVK2CNR) based on their geographical location,
population density, and availability of AERONET aerosol retrievals. Our study
examined the particulate matter of different sizes (PM1, PM2s, and PMio) using
PurpleAir, and variations in aerosol optical properties based on AERONET AOD and
AE, inversion products such as SSA, volume particle size distribution, HYSPLIT
cluster analysis of air mass, and MODIS images and aerosol products. Using the long-
term aerosol products available over Pokhara, 2010 to 2018, it is possible to predict
spectral variations, aerosol distribution in the atmosphere column, and aerosol sources
over Pokhara (Nepal). AERONET data from other stations also allowed us to analyze
and compare aerosol concentrations, types, and transboundary aerosols, even though
they were available for a shorter period of time than Pokhara's. Based on our study, we

came to the following conclusions.

1. Conclusions based on AERONET Data

1.1 At shorter wavelengths, the aerosol optical depth is significantly high and shows a
significant spectral variation. In highly polluted areas such as Kathmandu, the morning
and evening hours aerosol loadings increase substantially compared to mid-day. All the
aerosol optical depth at all AERONET sites also shows larger values during morning
and evening than the afternoon data indicating the significant contribution of
anthropogenic aerosols produced in the local region.

1.2 The variation of AOD is also significantly affected by precipitation in the
atmosphere, showing that rainfall is the most crucial meteorological parameter to alter
the atmosphere's aerosol concentration. For example, the Pokhara site indicates that
December to April strongly correlates (with a correlation coefficient of 0.96) with
Precipitable Water level (PW), indicating the accumulation of aerosol and water vapor
in the atmosphere increases in the months of winter and pre-monsoon season and varies

inversely with a correlation coefficient of -0.61 from May to November.
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1.3 Long-range aerosol transportation plays a crucial role in the atmosphere column.
AOD and other aerosol products can only be adequately analyzed over the vertical
column, taking long-range transport aerosol into account. Based on the cluster analysis
of Pokhara and Kathmandu, we identified that the aerosols arrive in Nepal in winter

and pre-monsoon seasons from westerly, southwesterly, and northwesterly directions.

1.4 Cluster analysis can provide a clear picture of AOD variation based on directional
analysis. Based on the air mass trajectory analysis, the air mass passes over neighboring
countries, which include India and Pakistan. In the monsoon season, Pokhara
experiences adequate rain and a reduction in smoke fires, resulting in AOD values
dropping significantly (<0.20). As the trajectory passes toward Pokhara after the
monsoon season, it passes through the North West region (mainly dust spots), the
northeast, and around the IGP region (where fires are prevalent), causing AOD to rise
slightly in comparison to monsoon. This season's biomass aerosols will therefore

contribute to local and overall AOD.

1.5 Overall, in Nepal, fine-mode particles contribute significantly during winter, post-
monsoon, and pre-monsoon seasons. From the end of the pre-monsoon season, coarse

mode particles contribute more toward the monsoon season.

1.6 Analyzing the AERONET inversion products SSA, AAOD, and AAE with long-
term data from Pokhara has been done using a spectral variation of aerosol optical
properties and identifying aerosol types. From January to May, the spectral SSA of each
month increases and decreases with wavelength, indicating the presence of mixed
aerosols in Pokhara. Accordingly, SSA increases with the wavelength in locations
dominated by desert dust and decreases with the wavelength in urban-industrial and
biomass-burning areas. A higher positive slope of AAOD spectral dependence at short
wavelengths indicates urban-industrial and smoke aerosols and mixed aerosols.
Pokhara's AAE varies from 1.38 to 1.71, indicating biomass burning and urban

industrial aerosols (mix type).

2. Conclusions based on Pyranometer data

2.1 The highest GSR values gradually grew from January to March, then declined in
April, and then increased again in June, according to an analysis of daily average data
for Global Solar Radiation (GSR) in Pokhara. Between July and December, it steadily
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drops. In almost every month, the mean values were less than the median values. The
averages for the months of March and January are respectively 19.19 and 4.61 MJ/m?
and 9.31 and 4.39 MJ/m?.

2.2 GSR and AOD data from AERONET Pokhara show that in 2020, an increase in
aerosol loading in the vertical column was accompanied by a decrease in the amount of
solar radiation reaching the ground. Finally, it is concluded that the atmospheric
aerosols absorb the solar radiation and it reduces the solar energy
budget significantly on the surface of the earth. It means that there is
anticorrelation between atmospheric aerosols and solar radiation. So, it is urgent
to promote clean and green renewable energy resources to solve the energy crisis

all over the country.

3. Conclusions based on Purple Air data

1. In Kathmandu, PM2s concentrations swing bimodally throughout the year, with
morning and evening rush hours having the highest concentrations. By comparing the
column-integrated aerosol data from MODIS and the surface-level aerosol

concentration, this study examines the accuracy of Purple Air measurements.

2. Using Purple Air's surface level particulate concentrations combined with satellite-
based atmospheric column aerosol optical depth measurements, we can determine the
relative humidity correction factor, which is a significant parameter for accurate

comparison.

Recommendations and Future Works

For better understanding of aerosol physical and optical properties, and their role in

Earth’s climate system and radiation budget, following recommendations are made.

1. Long-term Monitoring: To understand the spatio-temporal variation of aerosol
properties, long-term monitoring system is to be established so that regular

collection of data like size, shape, composition, and concentrations can be made.

2. Integrated Approaches: Multiple observational and modelling techniques are to
be used to obtain precise result.
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Impacts on Solar Energy: Nepal has a good potential of solar energy harvesting.
Proper studies on aerosol optical properties can lead to develop robust models

for the production of renewable solar energy.

Mitigation Strategies: To reduce negative impact of aerosol on atmosphere and
to keep energy balance and climatic pattern, extensive and time series studies
are to be carried out at multiple strategic locations.

Cloud lifetime effect: Aerosols’ impact on cloud lifetime causes to alter climatic

pattern so that proper modelling of aerosol-cloud interactions can be done.

To assess aerosol indirect and semi-direct effects from data, understanding the
emission shift of aerosols and their precursors is crucial. As climatic and
environmental conditions change across the globe, determining the primary
emission sources will be crucial for predicting future aerosol indirect and semi-

direct effects.
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CHAPTER 6

SUMMARY

We need continuous and long-term data for analyzing local and transboundary aerosol
particles because aerosol concentrations vary significantly on a spatial and temporal
scale. A combination of surface-level data from PurpleAir, ground-based observations
using sun photometers (AERONET provides aerosol products), and satellite
observations using MODIS were used to study the physical and optical properties of
aerosol particles on a daily, monthly, and seasonal basis. Study sites are carefully
selected to represent an approximate picture of Nepal, from the high mountainous
region EVK2_CNR to the highly polluted lowland Lumbini. A PurpleAir monitor in
Kathmandu and Pokhara analyzes daily and monthly. Seasonal variations in surface-
level particle concentration reveal a high level of pollution almost in all three seasons
except summer, where there is a bimodal variation with a peak in the morning at about

8 a.m. and another peak in the evening at around 7 p.m.

Pokhara and Kathmandu receive significant amounts of transboundary and local
pollution, showing Nepal receives air pollution from the highly polluted region IGP
and the eastern part of Pakistan. According to a time series analysis of Pokhara data for
nine years (2010-2018), aerosol volume size distributions in the pre-monsoon season
are both accumulation mode and coarse mode, contributing to the highest mean AOD,
whereas fine mode particles dominate during the winter and post-monsoon seasons. As
the pre-monsoon season draws to close, coarse mode particles begin to contribute
significantly to the monsoon season. SSA, AAOD, and AAE aerosol inversion products
are analyzed to compute the spectral variation and identify the aerosol types in Pokhara,
revealing mixed aerosols showing how the size distribution has a vital role in aerosol

optical properties.

Based on spatial variation in MODIS AOD images across Nepal, the Terai region,
which borders the densely populated and heavily polluted Indo-Gangetic Plain (IGP),
has a greater concentration of AOD values. Terai's eastern portion has a higher AOD
value than its western portion. Another significant trend in these data sets is the gradual
decline in the value of AOD as elevation increases.
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The analysis of the daily average data for global solar radiation (GSR) reveals that
maximum GSR values gradually rose from January to March, then fell in April, and
then rose once more in June. From July to December, it steadily drops. The mean values

for almost every month were less than their median values.
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ABSTRACT

A low-cost PurpleAir PA-Il sensor was installed, in 2020 at the Institute of Engineering (IOE)
Pulchowk Campus, TU located in Kathmandu valley, Nepal, to measure particulate matter with
an aerodynamic diameter equal to or smaller than 2.5 um (PMa.:s). The observation shows that
hourly averaged PMoa:s fluctuates bimodally in four seasons (Winter: December, January, and
February; Spring: March—May; Summer: June-September; and Autumn: October—November),
with the highest levels occurring during morning and evening rush hours. PurpleAir records PMz.s
with a maximum average of 101 + 26.31 ug m=3, in winter, 55.58 + 11.42 ug m=, in spring, 45.46
+12.16 pg m~3, in autumn, and a minimum of 22.78 + 3.23 ug m~3, in the summer. Due to rain
and diffusion in the vertical atmosphere, PM2slevels are lowest during the summer. The + number
for each season represents the standard deviation from the hourly average. AODssonm data collected
by MODIS (Moderate Resolution Imaging Spectroradiometer) onboard two NASA satellites, Terra
and Aqua, are compared with simultaneously observed PM2s. With humidity correction factor
f(RH), R? increases from 0.413 to 0.608 (in winter), 0.426 to 0.508 (in spring), and 0.083 to 0.293
(in autumn). The summer AOD data and PMzs are not compared due to a lack of AOD observations.
By comparing the column-integrated aerosol data with the surface-level aerosol concentration,
this study illustrates the relevance of atmospheric parameters while investigating the reliability
of PurpleAir measurements. A cluster analysis of five-day back trajectories of air masses arriving
at different altitudes in different seasons indicates that long-range transport of air pollution
contributes to MODIS's column integrated AOD by adding aerosol population.

Keywords: Aerosol optical depth, MODIS, PMzs, PurpleAir, Transboundary aerosols

1 INTRODUCTION

The study of atmospheric aerosols, particulate matter, is important since they influence Earth's
radiation budget by scattering and absorbing incoming solar radiation and altering cloud
microphysical properties (Haywood and Boucher, 2000; Ramanathan et al., 2001). Their ability
to affect Earth's radiation budget and their effects on health, air quality, and clouds are strongly
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related to their size (Dusek et al., 2006; Ruzer and Harley, 2005). A PMzs particle has an
aerodynamic diameter of less than 2.5 micrometers. Particulates of this size can be either natural
or anthropogenic, and their composition varies according to their sources (Devi et al., 2020).
Human-produced particles are generally smaller in size, while naturally produced particles are
larger. PMzs is also one of the most common pollutants contributing to global health burdens
(Lim et al., 2012). According to Shiraiwa et al. (2017), these particles penetrate deeply into the
lungs of humans and cause adverse health effects depending on their chemical composition.
Statistical analysis shows a strong correlation between hospitalizations, and deaths and exposure
to high PMas concentrations (Di et al., 2017; Schwartz et al., 1996; Klemm and Mason, 2000). As
aresult, acomprehensive measurement and analysis of particle concentration in the atmosphere
are essential for protecting local health and studying atmospheric conditions.

Several studies highlight the importance of low-cost air quality monitoring instruments, such
as PurpleAir Monitors, for determining both spatial and temporal air quality, since traditional
real-time air quality monitors lack this capability due to their high installation and maintenance
costs (Kumar et al., 2018; Munir et al., 2019). Because of their availability, size, and price, PurpleAir
monitors are being widely used in almost every continent to measure PM concentrations on
surfaces, as well as for assessing air pollution (Ouimette et al., 2022).

These monitors work on the light scattering principle in which a fan draws air particles into the
chamber and passes along the laser path. The sensor's photodiode detector converts scattered
light into voltage pulses from light. These pulses use to count the number of particles of sizes 0.3,
0.5, 1, 2.5, 5, and 10 pm and determine mass concentrations of PM1.0, PM2s, and PMo by using
an algorithm for PM concentration (Ardon-Dryer et al., 2020; Sayahi et al., 2019); https://www?2.
purpleair.com/community/faq). In a variety of environmental conditions, PurpleAir monitors were
evaluated for measuring atmospheric particle concentrations (Morawska et al., 2018; Stavroulas
et al., 2020; Zhang et al., 2009). Ardon-Dryer et al. (2020) showed that PurpleAir PM,s data
significantly correlated with PM2.s measured by AQMS (Air Quality Monitoring Stations) operated
by the Environmental Protection Agency. This study will also aid in investigating the low-cost
monitors for measuring air pollution by comparing them with other reliable reference data, such
as satellite-based aerosol optical properties. The simultaneous measurements of aerosols at
ground level and those based on remote sensing provide reliable information about air pollutant
loading over the observation site (Baral and Thapa, 2021; Segura et al., 2017). Comparison of
surface and atmospheric level aerosol data can also be used as a statistical basis to extrapolate
regional aerosol data (Aryal et al., 2014; Moody et al., 2014).

In atmospheric column observations, satellites provide long-term data and global coverage,
providing insights into regional air quality and climate variations through the precise timing and
spatial resolution of PMa.s concentrations (Karagulian et al., 2015; Schwarze et al., 2006; Zhong
et al., 2015). Satellites, however, view the entire atmosphere column, which makes it difficult to
distinguish surface-level particle concentrations. Therefore, ground-based measurements and
comparisons with satellite-based aerosol data can lower the uncertainty associated with local
and external aerosols, and meteorological parameters (Kumar et al., 2007).

The use of low-cost sensors in surface measurements can alleviate the limitations of human
resources and can enable setting up multiple ground-based measurement stations easier,
regardless of a lack of funding and/or technical expertise. A correlative analysis based on satellite-
based aerosol optical depth (AOD) data and ground-level particle concentration can be conducted
to evaluate the proposed method for estimating PM2s in areas that lack ground-level observations
(van Donkelaar et al., 2015).

Several studies have examined the air quality and aerosol loading trend over the Kathmandu
Valley (Aryal et al., 2009; Islam et al., 2020; Mahapatra et al., 2019). MODIS-equipped Earth
observation satellites Terra and Aqua pass over the Kathmandu valley every morning and
afternoon (at about 10:30 am and 1:00 pm local time, respectively), and MODIS' AOD data (3 km
x 3 km) can be used to compare with surface level PMzs (Ramachandran and Kedia, 2013).

This paper will present and analyze the hourly variability of PM2.s observed by PurpleAir monitor
at the Pulchowk Engineering Campus (TU), located about a hundred meters from the bus station,
for each season and compare surface-level particle concentrations with satellite-based AODs
using relative humidity correction factor. Relative humidity influences aerosol particle growth
and refractive index, affecting aerosol mass concentration (Altaratz et al., 2013; Hagan and Kroll,
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2020; Malm et al., 2000). Kathmandu valley's bowl-shaped structure and surrounding mountains
make it a unique case study for investigating air pollution (Kitada and Regmi, 2003; Panday and
Prinn, 2009; Shakya et al., 2017; Shrestha et al., 2017). This paper also presents the local and regional
aspects of long-range air pollution transport over Kathmandu Valley using cluster analysis of back
trajectory air masses arriving over the observation site.

2 MATERIALS AND METHODS

2.1 Site Description

A PurpleAir sensor was deployed in the Kathmandu valley (Pulchowk Engineering Campus, IOE,
Lalitpur, Lat. 27.68°N, Long. 85.31°E, and Alt. 1350 m Fig. 1) to measure real-time PMasconcentration
data. The city of Kathmandu is Nepal's largest metropolitan area and is highly polluted. Nepal is
surrounded by the Indo-Gangetic Plain in the south and the large Himalayas in the north (Shakya
et al., 2017; Regmi et al., 2020). High mountains surround the Kathmandu valley, ranging from
2000 meters to 2800 meters, and the valley is shaped like a bowl, trapping pollution.

This city is experiencing rapid urbanization and population growth. The region is characterized
by haphazard construction, unmanaged industries, brick and kiln production, and solid waste and
biomass burning. Kathmandu also experiences significant amount of transboundary air pollution
(Kitada and Regmi, 2003). Transported dust aerosols impact the cloud microphysical properties
significantly. As a result of biomass burning and dust storms in the Indo-Gangetic Plain region,
and long-range transportation, aerosols accumulate over Nepal, which, when combined with
local pollution sources, contributes to high levels of pollution (Adhikari and Mejia, 2022; Becker
et al., 2021; Das et al., 2021; Jethva et al., 2019; Regmi et al., 2020).

2.2 PurpleAir, Sampling Methods and MODIS AOD

PurpleAir's website (https://www?2.purpleair.com/) provides real-time PMas (in pg m=) data.
Microprocessor-based circuits are used to calculate equivalent particle diameters and the
number of particles with different diameters per unit volume (Ouimette et al., 2022; Yong, 2016).
The processing algorithms for the Plan-tower PMS5003 sensors (PA-PMS) used in the PurpleAir (PA)
monitor configuration are provided in He et al. (2020). The remainder of this paper uses the
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Fig. 1. As seen in the MODIS image (taken by NASA's Terra satellite on February 9, 2020), there
is a noticeable accumulation of haze on the foothills of the Himalayan range. The top right corner
of the figure shows a PurpleAir monitor located at Kathmandu Valley.
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Fig. 2. The scatter plot shows the monthly averages for PMa.spa)and PM2ss) in unit of pg m=.
Based on the legend in the figure, the symbols are ordered from higher to lower PM; s for the
different months. December month is discarded for comparison due to a lack of data availability.

symbol PMzs(pa) for PM2s observed by a PurpleAir monitor. Additionally, we compare PMa.s(pa)
data with PM2s(us) data to indicate the reliability of PurpleAir. PM2 s(us)is monitored by the Ambient
Air Quality Monitoring Station (Beta Attenuation Monitor, BAM) at the Phora Durbar Recreation
Center, 3 km from the PurpleAir monitoring site and supported by the United States Embassy
(Edwards et al., 2021). The BAM 1022 measures and records airborne PM concentrations in ug m™
at local temperatures and atmospheric pressures by utilizing beta-ray attenuation (Magi et al.,
2020). The manufacturer's website provides a complete description of the BAM 1022's operation
(https://metone.com/air-quality-particulate-measurement/regulatory/bam-1022/).

A significant correlation exists between PMzspa and PMzsus) data sets with a coefficient of
determination (R?) of 0.98. The best fit line equation is PM2spa) = 0.93(x 0.04) PM2.swus) + 13.23
(+2.40) as shown in Fig. 2.

However, the two sets are not validated individually against other nearby reference optical
devices. In Fig. 2, the scatter plot shows that PurpleAir data PM2.s(pa)near the bus station is slightly
above the 1:1 line compared to PMa.s(us)at Phora Durbar and shows that PMa.spa) provides usable
data representing the atmosphere of Kathmandu valley.

In this study, PM2s(pra) is compared with NASA's MODIS column integrated Aerosol Optical
Depth (AOD at 550 nm) product, which is corrected for relative humidity. The rest of this paper
uses AODssonmto represent AOD retrieved from Satellite data. AODssonm aerosol products collected
from MODIS Aqua and Terra at 3 km x 3 km is analyzed in this study. The 3 km X 3 km algorithm
differs from the 10 km % 10 km algorithm simply in the way reflectance pixels are ingested,
organized, and selected (Levy et al., 2013). PurpleAir provides optical data matching the products
of aerosol optical devices such as cell reciprocal and TSI 3563 integrating nephelometers, according
to Calvello et al. (2008) and Ouimette et al. (2022).

2.4 Model Description

The relationship between PM and AOD is illustrated by a simplified linear equation with a
relative humidity correction factor. To express a statistical model, we have written the particle
concentration (PM) in general, observed at the ground level with the dry sample, which can be
expressed quantitatively (Xu and Zhang, 2020) as
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PM zgﬁpjrsnd,y (r)dr (1)
0

ndary(r) denotes the number of particles per unit volume in atmospheric space per unit particle
radius and p is the aerosol particle density. Based on the hypothesis of spherical particles, the
columnar AOD can be calculated using the Mie scattering theory with the equation (Calvello et
al., 2008), and can be written as,

AOD = J.dh.[”rzaext,amb (r)namb (r,h)dr ?
0o 0

where r is the radius of the assumed spherical particles, Qex: is the extinction efficiency factor
defined by van de Hulst (1981), and namb (r, h) represents the aerosol size distribution giving a
concentration of particles per unit volume per particle radius at height h, which is factorized in
two parts based on height.

(namb (r,h)) = Namb (r)n(h) = ng nams (r) exp(—h/H) (3)

where no is the particle concentration at the surface level and H is the aerosol scale height, then
the equation for AOD can be expressed as given by Calvello et al. (2008).

AOD = nOHJ‘ﬂrZQext,umb (r)n(r)dr (4)
0

Several models explain the relationship between f(RH) and Relative humidity (RH) (Brock et
al., 2016, 2021; Chen et al., 2016; Kasten, 1969; Kotchenruther and Hobbs, 1998; Zheng et al.,
2017). This work utilizes the f(RH) expression (Brock et al., 2021; Zheng et al., 2017) to examine
aerosol light extinction induced by hygroscopic growth.

£ (H) =P =[1+ il j (5)

AOD,, 100 -RH

where AODgry represents the aerosol optical depth with dehydration adjustment. Then the
expression for AOD in terms of the dry condition can be expressed as,

AOD = noH f (RH) [ 21 Quy oy, (r)n(r)r (6)
0
To investigate the AOD vs. PM relation, the size distribution and extinction efficiency <Qex:>
and effective aerosol radius reffare expressed (Xu and Zhang, 2020) as,
J‘Qext (r)n(r)ridr

<Qu >=—— (7)
jn(r)rzdr
0

And, the effective radius of aerosol particles is given as,
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n(r)ridr
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Based on the above Egs. (2), (4), (7), and (8) a relation between AOD/f(RH) and PM can be
obtained as

< Qext,dry (I’) >
Plegs

AoD :%no.H.f(RH).PM (9)

Thus Eq. (9) provides, assuming H as a constant for all data for this study, f(RH) as the correcting
factor to study the correlation between AOD/(f(RH)) vs. PM.

2.4 Statistical Analysis

AODssonm Obtained from two satellite measurements, Aqua and Terra, is compared with the
hourly averaged PurpleAir data PMzspa). For comparison with ground based PMaspa), the AODssonm
are corrected by dividing with f(RH), where RH is ambient relative humidity. At different humidity
levels, aerosol particles with different chemical compositions but the same mass concentration
exhibit different aerosol optical properties (Jin et al., 2022). Accordingly, this correlation study
investigates the correlation between aerosol extinction and mass concentration using relative
humidity correction factor, f(RH).

MODO04 and MYDO04_3K data (MODO04 for Terra, MYD04 for Aqua), 3 km X 3 km AODssonm data
were extracted and correlated with a temporal variation of PMazs(pa) from PurpleAir sensors at
ground level. AODssonm measurements from two satellites, Aqua and Terra, were observed
simultaneously with PMaspa) measurements. We performed the graphical analysis using the
Levenberg-Marquardt least orthogonal distance method implemented in IGOR (https://www.
wavemetrics.com/). The data were then analyzed using linear regression analysis, and a coefficient
of determination (R?) was obtained. A two-tailed P statistic and a coefficient of correlation
coefficient (R) was calculated to determine the significance of the correlation. Data with confidence
levels (based on P values) < 95% were disregarded for statistical significance.

2.5 Cluster Analysis

The aerosol particle trajectories arriving at Kathmandu at 500 m, 1000 m, and 1500 m asl were
analyzed using cluster analysis to understand the origin of aerosol particles over Kathmandu
Valley's vertical column. For each season, seasonal clusters were generated by analyzing five days
of air mass trajectories starting at 500 m, 1000 m, and 1500 m asl over Kathmandu (Lat. 27.68°N,
Long. 85.31°E) at 0:00, 6:00, 12:00, and 18:00 UTC each day. In this study, the cluster calculations
were conducted using the free software Traj-stat (Regmi et al., 2020; Wang, 2014).

3 RESULTS AND DISCUSSION

3.1 The Hourly Variation of the Seasonally Averaged PM; s

Fig. 3 shows hourly variations of PM2.s(pa) concentrations (in ug m™) for each season in 2020.
The average maximum PMas(pa)is observed to be 101 +26.31 pg m™ in the winter season, while
the minimum is seen in summer (22.78 + 3.23 ug m3). Similarly, the average concentration of
55.58 + 11.42 ug m= is observed in the spring and 45.46 + 12.16 pg m2 in the autumn. The £ 1
standard deviation obtained from hourly averaged measurements for each season are given
adjacent to the seasonal mean values. Kathmandu is a bowl-shaped urban basin in Nepal, and
during winter, the planetary boundary layer is thinner due to the dense, cooler air near the surface.
A layer of cooler air sits beneath the warm air above, forming a kind of lid in the atmosphere
referred to as winter inversion. Only within this layer does vertical air mixing occur, so pollutants
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Fig. 3. Hourly averaged (at local time) averaged particle concentration (PMasea)) in pg m= for
each season by using the corresponding months' data for each season.

cannot disperse in the atmosphere. Kathmandu relies mainly on wood for heating in winter, and
wood burning contributes significantly to air pollution. Kotchenruther (2020) found elevated
levels of PM2s during the winter in the Northwest U.S. According to the study, residential wood
combustion, motor vehicle emissions, gaseous NOx emissions, and particulate sulfate emissions
are the primary sources of PMa.s during winter.

For all seasons, particle mass concentrations are bimodal, significantly higher in the mornings
(around 8:00 am) and evenings (around 7:00 pm). Fig. 3 shows the seasonal variations of hourly
averaged PMaspa), Which are bimodal in all seasons. The amplitude and width of PMzspa) is
maximum during the winter seasons, and the patterns are similar during spring, summer, and
autumn. No significant variation in hourly averaged PMa.spa) is seen during summer. A signature
of local activity can be seen in PMa.s(pa), such as during the household cooking and traffic emissions
time. Many studies have shown that household and commercial cooking significantly contribute
to PMys pollution in urban areas (Balasubramanian et al., 2021; Pervez et al., 2019; Robinson et
al., 2018). Earlier studies have also shown that traffic and cooking contribute to air pollution in
Kathmandu valley during rush hours (morning and evening) and off hours in the afternoon (Islam
et al., 2020).

PM2spa)increases gradually during rush hours in traffic. On a global scale, cooking and heating
fuels contribute 20-55% to anthropogenic particle emissions (Balasubramanian et al., 2021; Pervez
et al., 2019). The study concludes that domestic cooking and traffic are significant anthropogenic
factors affecting the Kathmandu valley's surface-level PM..sipa) concentrations. Previously, it has
been shown that traffic contributes significantly to air pollution in different urban areas, with
coarse particles originating from non-exhaust sources like road abrasion, brake wear, and tire
wear, while fine particles are emitted directly from fuel combustion (Kumar and Goel, 2016; Pant
and Harrison, 2013). Low temperatures can lead to the formation of secondary aerosols during the
winter months (Duan et al., 2020; Mues et al., 2018). Previous studies have shown the importance
of secondary organic aerosols (SOA) in contributing to PM2.s (Bui et al., 2022; Mancilla et al., 2015).

Fig. 3 also shows that the average particle concentration at hourly averaged PMy 5(pa) decreases
from winter to summer, then increases again in autumn as the seasons change. A rise in temperature
in the summer causes surface-level particles to diffuse rapidly in the vertical atmosphere, resulting
in lower surface concentrations. PurpleAir record shows an average temperature of 17.77 + 4.00°C
in winter, 24.08 + 2.65°C in summer, and 28.96 + 1.65°C in autumn. The summer also brings
significant amounts of rain, which helps removal of aerosol particles from the atmosphere
(Becker et al., 2021). June to September are rainy monsoon months in Kathmandu, which can
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significantly reduce air pollution. Thus, the monsoon rain also plays a crucial role in reducing the
surface level air pollution in Kathmandu in the summer months from June to September. The
COVID lockdown period from March to July also significantly reduced traffic flow, which might
have affected particle concentrations in the atmosphere (Baral and Thapa, 2021).

3.2 Comparison of MODIS AOD with PM2.5(pa)

Fig. 4 illustrates the correlation between Aqua and Terra AODssonm and reveals R = 0.942, R? =
0.888, and P < 0.005. The calibration of two satellite sensors and the retrieval algorithm for MODIS
AODssonm during spatial observations may cause some deviations in the AOD data collected by
the two satellites (Green et al., 2009; Gupta et al., 2020; Ichoku et al., 2005; Koelemeijer et al.,
2006). However, a significant high correlation indicates that AODssonm by two satellite measurements
can represent reliable and comparable aerosol optical depth, and it can be used for daily averages
and combined to compare with other concurrently observed aerosol concentrations such as PMa s(pa).

Fig. 5 presents a comparison of the hourly average of PM; 5 with the AOD data observed by
two satellites at 550 nm wavelength, AODssonm, without relative humidity correction factor. Fig. 5
also shows the standard deviation and linear best fit line. The best fit line provides an equation,
AODss0nm = 0.038(+ 0.037) + (0.0068 + 0.0006) PM 5 (pa), and the correlation coefficient (R = 0.638,
R? = 0.407) and P-values (<< 0.005) are also obtained from the plot. Based on the correlation
between these two parameters, Fig. 5 indicates that surface air pollution, PMzsa), significantly
influences aerosol optical depth (AODss0nm).

According to Table 1, the correlation coefficients between AODssonm and corresponding PMa.spa)
are improved by dividing AODssonm by f(RH). In seasons of low temperature, f(RH) has a greater
effect on the R?than in seasons of higher temperatures. As a result of the temperature inversion
at low temperatures, particle concentrations can remain close to the surface due to the significant
effect of vertical column AOD correction with f(RH). In low-temperature months, aerosol particles
will distribute uniformly near the surface. In summer, however, very few AODssonm coincide with
the corresponding hourly averaged PMa.spa)due to persistent monsoon clouds. Correlation results
obtained in summer are also given in the table which, however, are less reliable owing to a
smaller number of data points on account of monsoon clouds.

Based on the variations in correlation coefficients, meteorological parameters such as relative
humidity should be considered when retrieving aerosol optical depths from satellite data (Zhang
et al., 2009).
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Fig. 4. Scatter plot of MODIS AODssonm (Terra) vs. MODIS AODssonm (Aqua) comparing the same
day data observed from two satellites in the morning and afternoon.
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Fig. 5. A comparison between Aqua and Terra Satellites' spatially averaged AOD at 550 nm
(AODss0nm) and PurpleAir Monitor's hourly average PMa.spa) around the satellite overpass.

Table 1. The correlation coefficients for each seasons using the available one-year 2020 data
without and with the f(RH) corrected AOD data vs. PM; 5(pa).

Seasons/Combined AODss0nm VS. PMa.s(pa) AODs50nm/f(RH) vs. PMa.s(pay
All Data (172) R =0.638; R?=0.407 R =0.703; R?=0.495
Winter (Dec—Feb) (28) R =0.643; R?2=0.413 R =0.780; R?= 0.608
Spring (March-May) (77) R=0.653; R2=0.426 R=0.713; R2= 0.508
Summer (June-Sep) (9) R=0.134; R>=0.018 R=0.170; R>= 0.028
Autumn (Oct—Nov) (58) R =0.288; R?2=0.083 R =0.542; R2=0.293

3.3 Seasonal Cluster Analysis

Fig. 6 and supplementary figures Fig. S1 and Fig. S2 show the seasonal clusters of five-day back
trajectories over Kathmandu Valley during four seasons at 500 meters, 1000 meters and 1500
meters.

According to percentage contributions, three predominant air masses reach over the Kathmandu
valley every season, with five clusters exhibiting the best representation. The cluster analysis
shows that fast-moving air masses contribute less, ranging from 1 to 7 percent, to air pollution
at the observation site.

At 500 meters, 44% of the winter air mass comes from the Indo-Gangetic plain (IGP), Nepal's
south, 38% from the southwest, 16% from the west, and 2% from the west (Fig. 6). The IGP is
densely populated, and its aerosol loading is high due to industrial and urban pollution, dust,
biomass burning, and the flat land of southern Nepal that lines its northern edge (Regmi et al.,
2020). Fig. 6 illustrates the dominance of southerly and southwesterly air masses in winter
(December—February) and spring (March—May). The trajectory also indicates that south-easterly
air masses from the Bay of Bengal contribute significantly and prominently in summer (June—
August), whereas southerly air masses dominate in autumn (September—November). According
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Fig. 6. An analysis of five-day air mass back trajectories computed with Analysis NOAA HYSPLITT and HYSPLIT model reaching
Kathmandu at 500 m at different seasons. For each season’s cluster analysis, the percentage contribution is presented.

to supplementary figures, Fig. S1 and Fig. S2, the dominant clusters at 1000 meters and 1500
meters are not significantly different from those at 500 meters. Therefore, the air pollution at
the observation site is transported vertically from a similar direction to that of 500 meters. At
different altitudes, the air mass trajectory crosses the IGP region on its way to the observation
site, Kathmandu Valley. As a result, air pollution over the IGP region mainly impacts the aerosol
optical depth and the overall vertical air pollution concentration.

4 CONCLUSIONS

The PurpleAir sensor was installed in the Kathmandu Valley, a Himalayan foothill, to determine
its capability to measure surface-level small-size particles whose aerodynamic diameter is equal
to or smaller than 2.5 micrometers (PM2). The observation shows that the bimodal particulate
concentrations (PM2s) peak at about 8 am and 7 pm, coincident with the density of traffic and
other anthropogenic pollutants events, such as cooking and heating, which indicates Kathmandu
has significant local sources of outdoor air pollution. In winter, temperature inversion causes
particles to remain close to the surface rather than disperse vertically, showing the highest
concentrations. During the summer, which is monsoon season, PM s levels are low and bimodal
variations are smaller. PurpleAir's surface-level PM2.s and MODIS's AOD measurements correlate
better with the relative humidity correction factor. For further analyzing the comparison between
PM2s and AOD, boundary layer height (BLH) data can be used, but these data are not available
for this study. An air mass cluster analysis shows that transboundary air pollution over different
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altitudes at Kathmandu valley is received from different directions and source regions. The
contribution of directional airmass varies with the season. The Indo-Gangetic Plain pollutes the
atmosphere over Kathmandu during winter, spring, and autumn. In addition to contributing to
aerosols over the atmospheric column and, eventually, to column integrated AODssonm, transboundary
air pollution might bias the comparison between PMa2spa) and AODssonm. Moreover, the study
establishes that simultaneous measurements of particle concentration at the surface level and
AOD over a vertical column allow for the extrapolation of surface-level concentrations using
satellite-based AOD, thereby, calling for a more robust and comprehensive analysis of spatial and
temporal distribution of PMa.s concentration characteristics and columnar aerosol optical depth.
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Abstract: This study presents the spectral monthly and seasonal variation of aerosol optical depth
(Taop), single scattering albedo (SSA), and aerosol absorption optical depth (AAOD) between 2010
and 2018 obtained from the Aerosol Robotic Network (AERONET) over Pokhara, Nepal. The analysis
of these column-integrated aerosol optical data suggests significant monthly and seasonal variability
of aerosol physical and optical properties. The pre-monsoon season (March to May) has the highest
observed tAop(0.75 + 0.15), followed by winter (December to February, 0.47 + 0.12), post-monsoon
(October and November, 0.39 + 0.08), and monsoon seasons (June to September, 0.27 + 0.13), indicating
seasonal aerosol loading over Pokhara. The variability of Angstrom parameters, o, and B, were
computed from the linear fit line in the logarithmic scale of spectral T4op, and used to analyze
the aerosol physical characteristics such as particle size and aerosol loading. The curvature of
spectral Toop, &', computed from the second-order polynomial fit, reveals the domination by fine
mode aerosol particles in the post-monsoon and winter seasons, with coarse mode dominating in
monsoon, and both modes contributing in the pre-monsoon. Analysis of air mass back trajectories
and observation of fire spots along with aerosol optical data and aerosol size spectra suggest the
presence of mixed types of transboundary aerosols, such as biomass, urban-industrial, and dust
aerosols in the atmospheric column over Pokhara.

Keywords: aerosol climatology; spectral aerosol optical depth; single scattering albedo; aerosol
absorption optical depth; Angstrém parameters; turbidity; long range transportation; back trajectory;
aerosol absorption exponent

1. Introduction

Atmospheric aerosols have a significant impact on the Earth’s atmospheric radiation budget, due
to their direct scattering and absorption characteristics, as well as an indirect impact on microphysics
and clouds’ formation [1-3]. In recent decades, there has been increasing concern about aerosols’ impact
on melting snow and ice in the high Himalaya and over the Tibetan Plateau [4-6], with indications that
a significant portion of the aerosols arrived from the Indo-Gangetic Plains [7,8]. To date, though, there
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have been only limited studies of aerosols over the Himalayan foothills immediately south of high
Himalaya, on their route from the IGP towards the high mountains [5,9].

The measurement of atmospheric aerosol physical and optical properties can provide knowledge
of understanding the role of aerosols in the climate system. In the last few decades, various techniques
have been used to measure and characterize the atmospheric aerosols from ground, aircraft, and satellite
measurements [10-14]. Aerosol Robotic Network (AERONET) is one of the global ground-based
networks used to monitor atmospheric aerosol optical properties and is maintained by the National
Aeronautics and Space Administration (NASA). It has adopted the robotic Cimel Sun photometer
throughout its network, to measure direct and diffuse solar radiation, which is then used to retrieve the
aerosol products on the AERONET website [12,15]. The network provides a readily accessible public
domain database of atmospheric column integrated aerosol optical properties, such as aerosol optical
depth (Taop) measured in the ultraviolet to infrared wavelengths. Moreover, Toop represents the
columnar aerosol content resulting from the different aerosol populations in the atmospheric column
above the measurement site [12,14,16]. The spectral variation of Toop, which can be characterized
by the Angstrém parameters (o and ), can give a picture of aerosol size distribution and aerosol
loading in the atmospheric column [14,16,17]. These are important parameters in the determination of
aerosol size distribution. The variability of aerosol size distribution is a good indicator for the sources
of aerosols, such as those generated from urban and industrial, biomass burning, combustion of fossil
fuels, and airborne soil particles [17]. Many investigations have previously used the information on
particle size and spectral aerosol optical characteristics to validate the dominant aerosol type [17-19].

Remote sensing techniques are important tools to monitor aerosol optical properties globally,
by validating the accuracy of measurements [12,20,21]. The establishment of AERONET sites has
provided an opportunity to study the aerosol loading due to local and long-range transportation
over the region [13,18]. A combined analysis of ground-based column integrated aerosol optical data,
atmospheric simulations such as the back trajectory analysis from Hybrid Single-Particle Lagrangian
Integrated Trajectory Model (HYSPLIT) and the Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite observation data of atmospheric pollutants can be used to study the spatial and
temporal variation of aerosol optical properties, aerosol types, and source [13,22,23]

Previous studies in Nepal have presented aerosol characteristics, but did not investigate long-term
aerosol optical properties and aerosol sizes based on the spectral aerosol optical depth [24-27].
A number of studies have shown that Nepal’s atmosphere is affected by a variety of emissions, such
as those produced by biomass burning, agricultural burning, and domestic uses of biofuels, which
are taking place in its large neighboring countries [28,29]. Particularly the Terai—the flat part of
southern Nepal that lines the northern edge of the Indo-Gangetic Plains (IGP)—is heavily affected
by trans-boundary pollution from the rest of the IGP. The IGP is a densely populated region with
high aerosol loading from both anthropogenic and natural sources. Past studies have shown that
major sources of aerosol loading over IGP include biomass burning, desert dust, and pollution from
industrial and urban activities [26,29,30].

The AERONET observation site in Pokhara, Nepal, was established in January 2010 and has
continuously provided various long-term aerosol products. After a decade of operation, it has now
accumulated the longest continuous atmospheric observation data site in Nepal. While previous studies
have shown the influence of transboundary air pollution over the Himalayan region of Nepal [4-9,24],
this is the first detailed analysis of the seasonal variation of aerosol transport over the Nepal Himalaya
using a long-term aerosol dataset, combined with computer simulation and satellite data analysis,
providing us with a comprehensive picture of aerosols across temporal and spatial scales. Analysis of
aerosol climatology over Pokhara in the foothill of Himalayas, along with its transboundary aerosol
sources, provides glimpses of regional aerosols that reach more remote locations in the high Himalayas
and Tibetan plateau.

In this study, we have used monthly averaged aerosol optical properties between 2010 and 2018,
such as spectral aerosol optical depth (Tpoop) from ultraviolet to infrared, 0.34 pm to 1.02 um, to examine
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the seasonal Angstrom exponents and characterize the aerosol types. Level 2 AERONET inversion
products single scattering albedo (SSA), and absorption angstrom exponent (AAE) at four different
wavelengths—0.44 pm, 0.675 pm, 0.87 um, and 1.02 pm—are investigated to identify absorbing aerosols.
HYSPLIT back trajectory analysis, combined with MODIS satellite images of fire spots, have been used
to identify the origins and types of aerosols transported to the receptor site, Pokhara.

2. Methodology

2.1. Site Description

The Pokhara AERONET site is located at 28.19° N, 83.97° E in the Pokhara Sub-Metropolitan city
of Nepal. Pokhara is Nepal’s second-largest city after Kathmandu, with a population of about two
hundred sixty thousand [31]. The Cimel Sun Photometer is located on the roof of Shangrila Village
Resort, in the south-western suburbs of Pokhara.

The site is approximately at an altitude of 805 m above sea level, and about 140 km west of
Kathmandu. It is surrounded by hills, between 1000 to 2000 m above sea level. The IGP is about
90 km to the south, while to the north, the elevation rises quickly to over 7000 m in the span of 35 km.
The presence of high mountains near Pokhara assists in lifting the humid air-masses, mainly in the
summertime, resulting in a large amount of precipitation, which can significantly affect the aerosol
concentration in the atmosphere [9,25,27,32]. Figure 1 shows the location of Pokhara, along with the
potential source regions of air masses over its atmospheric column from Nepal and outside the region,
such as from IGP, along with other parts of Asia, including the Punjab region of Pakistan and the Thar
Desert [33].

. @ : I Indo-Gangstic Plain
andl\lar{‘
. A PAKIS ol
el N ________Y g Pokhara
\N

(28.19°N, 83.97- E)

200 miles

Figure 1. The map with the aerosol ground monitoring station (Pokhara, Nepal) has an inset in the
bottom right corner that shows the Aerosol Robotic Network (AERONET) sun photometer in Pokhara
(photo by Arnico Panday) and a compass rose on the left corner. This image is adopted from online
resources, and horizontal and vertical scales in 200 miles are shown on the map.

2.2. Cimel Sun Photometer

An automatic sun-and-sky scanning Cimel Sun Photometer is located on the roof of the Shangrila
Village Resort in Pokhara’s south-western suburbs, as a part of AERONET. Descriptions of this network
and methods for retrieving aerosol optical data have been published before [12,14,20].

The sun photometer measures direct sun radiances at 0.34 um, 0.38 um, 0.44 pm, 0.50 pm, 0.675 pum,
0.87 um, 1.02 pm and 1.64 um wavelengths during the daytime. The aerosol optical depth (ta0p)
is derived by correcting attenuation due to Rayleigh scattering, absorption by ozone, and gaseous
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components in direct spectral measurements [12,14,15]. In addition, the sun photometer also measures
diffuse sky radiance at four wavelengths 0.44 um, 0.675 um, 0.87 um, and 1.02 pm [14,16,20]. These
solar extinction measurements are used to retrieve aerosol columnar inversion products, such as volume
size distribution and single scattering albedo. Three data quality levels, Level 1.0 (unscreened), Level
1.5 (cloud screened), and Level 2.0 (cloud-screened and quality-assured), are provided for analysis
of aerosol data [16,20], with Level 2.0 data made available after the instrument is returned to NASA
during annual swap outs. All products of AERONET are automatically computed and made available
within the AERONET website [15]. The estimated uncertainty in computed AOD is reported to range
from +0.01 to +0.02, which is spectrally dependent, and is found higher on the UV region [12,16,23].

2.3. Basic Equations and Definitions

The spectral Taop is guided by Angstrém exponent (), as given by power-law equation [34].
Taop = PATE )
In logarithmic format can be written as:
In Taoop(A) = In - In A )

This gives the values of Angstrém parameters o and
The Angstrém exponent « can be further defined from the spectral AOD(A) as

ln( Taop(at As) )
_dlnTAQDO\) Taop(at Aq)

dinx in(32) ®)

X =

The deviation of observed data from the linear fit line can be tested by using a second-order
polynomial fit, with coefficients of the polynomial fit op,x;, and «p, as defined in previous
studies [17-19].

In Taop(A) = az(InA)* + a1 (InA) + ot 4)

We define « s at wavelength (M) and this can also be found in previous articles [17,18].

X/’

 da _ d d In taop(A) _ 5)
“dmnA__ dInA dInA - T

The aerosol absorption characteristics can be exhibited by using SSA, aerosol absorption optical
depth (AAOD) and AAE, and are related as below [2,3,35],

AAOD(A) = AOD(A) [1-SSA(A)] 6)

and,
AAOD = KA AAE 7)

2.4. Tools Used for Backward Trajectories and Fire Spots

Four clusters were generated for each season by calculating five days backward air mass trajectories,
starting at 500 m over the receptor site Pokhara (28.19° N, 83.19° E), for every day at 0:00, 6:00, 12:00,
and 18:00 UTC, based on the HYSPLIT model [13]. A free software plugin called TrajStat was used
from Meteolnfo for the calculations [36]. Fire spots were obtained from NASA’s Fire Information
for Resource Management System (FIRMS),which allows visualizing large scale bio-mass burning
activities around the region. These active fire data were observed from NASA’s Moderate Resolution
Imaging Spectroradiometer (MODIS) and NASA's Visible Infrared Imaging Radiometer Suite (VIIRS),



Atmosphere 2020, 11, 874 50f 16

however, these satellite images will not provide the household level of biomass burning. A combination
of satellite images of fire spots with air masses back trajectory will be presented to demonstrate a
significant picture of aerosol climatology over the region [37-39].

In this study, we have used the data of the year 2017 to present a cluster analysis for indicating the
seasonal aerosol sources’ characterization over the observation site Pokhara.

3. Results and Discussion

3.1. Variability of Spectral Columnar AOD and Precipitable Water

In this section, we present the monthly and seasonal variability of spectral AOD and the temporal
variability of AOD, by comparing with columnar precipitable water vapor (PW). Figure 2 shows the
monthly mean spectral AOD values, Tpoop, over the 9 years from 2010 to 2018, at seven different
wavelengths—0.34 um, 0.38 pum, 0.44 um, 0.50 um, 0.675 um, 0.87 um, and 1.02 pm. Our statistical
analysis excluded monthly averaged aerosol data from any months that had Toop data for less than

ten days.
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Figure 2. Spectral variation of monthly mean aerosol optical depth (AOD), over nine years between
2010-2018, in different seasons.

Due to the above constraint on data availability, the mean values for each calendar month across
the nine years were computed from a varying number of months, as given in the parenthesis: January
(6), February (8), March (8), April (7), May (8), June (5), July (4), August (3), September (4), October (6),
November (6), and December (7). Level 2 aerosol data were very scarce on the AERONET website
for the rainy season months of June, July, and August, due to cloud screening of the data and the
requirement for the sun photometer to remain parked in a protected position whenever the rain sensor
was wet.

The general trend of spectral variations shows that the Toop is higher at a shorter wavelength
and decreases at longer wavelengths. We found the spectral Toop highest in April, followed by March,
May, February, June (January, November), (December, October) September and (August and July).
Months placed in parentheses have almost identical spectral Toop at all wavelengths. In the monsoon
season, the gradient of spectral Toop in the longer wavelength decreases. Distinct features of seasonal
Ta0D can be observed in Figure 2, with the highest aerosol loading in the months of pre-monsoon
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season followed by winter, post-monsoon, and monsoon season. In the months of two seasons, winter
and post-monsoon, the aerosol loadings are not significantly deviated from each other.

The temporal variation of light attenuation is also observed using a monthly mean AOD at
0.50 um(tp 50), along with a column-averaged precipitable water level (PW) in centimeters for different
months and seasons (Figure 3). The 7 59, ranges from 0.31 to 0.56 in winter season with average value
of 0.43 + 0.12, 0.63 to 0.92 in pre-monsoon season with average value of 0.75 + 0.15, 0.18 to 0.47 in
monsoon season with average value of 0.27 + 0.13, and 0.33 to 0.45, in post-monsoon season with
average value of 0.39 + 0.08. Variation of PW shows a similar trend of rainfall in Pokhara with an
increase from months of winter to monsoon seasons, and then decreasing in post-monsoon season [40].
In monsoon season, the variation on g 59 is significantly affected by the rainfall.

5.0 T T T T
Winter Pre-monsoon
4.5

T H2.0
Monsoon Post-
monsoon

- PW incm
—8— T0.50

PW incm

0.5 |- | | | | | | |- | |

Months

Figure 3. Temporal variation, monthly mean 1 59 (right axis), and precipitable water level in cm (left
axis). The vertical dotted lines indicate the boundaries between different seasons.

The variations of 1950 and PW show two different characters. Between December and April,
these two parameters correlate significantly, with high R? (0.91) and low p-values (0.01), and while
including data of May R? drops to 0.35 and p-value increases to 0.21. However, in monsoon and the
post-monsoon months, they vary inversely with R? equal to 0.43 and p-value 0.15. Previous studies
have shown that atmospheric water vapor can serve as a medium for igniting multiphase reaction to
the formation of gas to particle transformation, and play a key role for hygroscopic growth of aerosols,
which ultimately affects the aerosol optical properties [41,42]. In this study, we argue that tg 59, which
has a significant correlation with PW, from December to April, is mainly associated with the actual
aerosol loading, and might not be linked with aerosol particles” hygroscopic effect growth. However, a
chemical analysis of aerosols over the observation site, such as the observation of black carbon, dust,
sulfate, and organic carbon concentrations due to their hygroscopic characters, can give a picture of
the aerosol hygroscopic impact on T 59, which we have not done in this study. A study of aerosol
loading based on the Angstrom turbidity coefficient () is also presented in the next section, that will
support the effect of aerosol loading for higher AOD. A previous study on the latitudinal variation of
aerosol optical properties over the IGP region to the Central Himalayas during the pre-monsoon season
has also explored the AOD due to aerosol loading over the observation site, rather than depicting
hygroscopic growth of aerosol particles [43].

3.2. Angstrom Exponents, Curvature of AOD Spectra, SSA, AAOD and AAE

This section uses linear and second-order polynomial fit to study monthly and seasonal variation
of spectral AOD in the wavelength ranges of 0.34 to 1.02 um. Angstrom parameters have been
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investigated in the past, by using spectral Toop by distinguishing several AERONET sites with a
variety of individual aerosol types such as biomass burning, urban and industrial, and desert dust [17].

Figure 4 shows monthly Angstrom parameters (o and ) and curvature of the spectral AOD curve
(x2). We observed that the average seasonal « as 1.14 + 0.01 in winter, 1.17 + 0.07 in the pre-monsoon
season, 1.10 + 0.08 in monsoon, and 1.22 + 0.08 in the post-monsoon season, based on the monthly
mean data. Similarly, « /(= —2x;) were obtained 1.03 + 0.23 for winter, 0.55 + 0.14 for pre-monsoon,
0.23 + 0.38 for monsoon, and 1.22 + 0.08 for post-monsoon seasons. The seasonal turbidity parameters,
3, were also found 0.18 + 0.05 in winter, 0.31 + 0.04 in pre-monsoon, 0.11 + 0.06 in monsoon, and
0.16 + 0.04 in post-monsoon seasons. Moreover, 3 gives a picture of aerosol loading with the higher
the value, the higher the aerosol loading, and similarly, smaller 3 shows lower aerosol loading. We
observe from Figure 4 that « shows more or less the same from one season to another, even though
with a significant variation of 1 59, by indicating the seasonal differences of the aerosol size spectrum.
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Figure 4. Angstrom parameters (o, ) computed by using the linear regression (solid line), and o from
second-order polynomial fit (dotted curve) of monthly mean spectral AOD, between years 2010-2018,
in the logarithmic scale for different seasons, as indicated.

However, « can be seen to be the highest in post-monsoon, followed by pre-monsoon, winter,
and monsoon. We found different values of « 7, even for a similar value of &, which indicates that
the variation of aerosol microphysical properties can be presented by a climatological pattern of « s
rather than «. Figure 5a,b show that the significant variation on « s are observed for the months even
with the similar «. It was observed mainly in the months of a shift from one season to another season,
in which prevailing air masses will also be in transition. Higher values of « s(greater or close to 1)
in the post-monsoon season followed by winter season provide a picture of columnar aerosol size
distribution showing strong contribution by fine mode particles, which are mainly originated from
anthropogenic, biomass burning, urban and industrial sources. The medium values (close to 0.5) in the
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pre-monsoon indicate a bimodal distribution of particles, and while the lowest values of « 7(close to
0.2) in monsoon season indicate a dominance by coarse mode particles.

The monthly mean variation of 1 50 and {3 is shown in Figure 5a. We found that 1 50 and (3 show a
significant correlation (R? = 0.98 and p-value = 4.6 x10~!1, scatter plot is not shown). This result shows
that higher values of {3 correlating with 7y 59 was associated with aerosol loading, mainly dominated
by fine mode aerosols. In July and August (peak monsoon) of monsoon, we observed lowest (3 along
with low 150, and smallest values of «(~ 1), and « 7(smallest, closest to 0.2) supports the contribution
of coarse mode particles compared to fine mode particles on overall AOD. The significantly low T 59
in monsoon compared to other seasons is associated with significant rainfall in this season [25,44].

We also analyzed o computed at different spectral bands, as shown in Figure 5b to identify
the aerosol types. The difference in « at spectral bands (o ¢75-0.87) — oc(o.34_0.38)) was significantly
higher in post-monsoon and winter seasons, indicating a size distribution dominated by fine modes
(Figure 5b). The difference lowers in months of pre-monsoon seasons, supporting the company of
coarse mode as well. This difference is negative in the monsoon season, which indicated domination
by coarse mode aerosols [17,19].
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Figure 5. Time series of (a) Aerosol Optical Depth at 0.50 um and Angstrém Turbidity Parameter 3 and

curvature of the curve. (b) Angstr('jm Exponent in different wavelength pairs.

The aspect of change in aerosol size spectrum, based on Angstrom parameters, is also examined
by using aerosol volume size distribution data obtained from AERONET over Pokhara site. July to
September data are not analyzed due to the limitation of availability of data in AERONET. Figure 6
shows the monthly mean of the aerosol volume size distribution for different seasons, along with o /
and «, and reveals a bimodal structure of aerosol sizes for each month. It is observed from Figure 6
that the volume size distribution for the months are significantly dominated by accumulation mode
of aerosols (with higher « ), both modes of aerosol sizes (with the medium « /), and coarse modes
(with smaller o 7). For this study, July to September volume size distribution data are not available
for comparison.
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Figure 6. The monthly averaged columnar volume particle size distribution in the range of sizes 0.05

um < r < 15 um, for different seasons, as indicated.

Figure 7 shows mean values of SSA and AAOD for five different months of winter and pre-monsoon
season to study absorbing aerosols. These months are chosen because of the data availability in the
AERONET site. SSA’s spectral variation, the top two figures, shows that SSA increases from 0.44
to 0.675 um, and then decreases at higher wavelengths. SSA values are found as 0.89 (January),
0.88 (February), 0.87 (March), 0.87 (April), and 0.87 (May) at wavelength 0.44 um, and indicate the
presence of reasonably strong absorbing aerosol components. Figure 7, bottom two figures, shows
AAOD spectra. Previous studies reported that SSA spectra of different AERONET locations with
dust containing aerosols have increased SSA with increasing wavelength, while locations dominated
by urban industrial or biomass burning decrease with increasing wavelength [2,4,45,46]. This trend
was also used in the past studies to differentiate between carbonaceous aerosols and dust in different
locations [2,10,47,48].

The behaviors of increasing of SSA spectra up to 0.675 um resemble aerosol components from
dust aerosols, and decreasing from 0.675 pm to 1.02 pm shows similar to that of aerosol products of
biomass burning, urban and industrial activities. Similar results can also be found in previous studies

to define a mixed type of aerosols [45,46].
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Figure 7. Monthly mean spectral SSA (top two figures), averaged within the months of the study period
of years 2010-2018, from January to May, along with AAOD (bottom two figures) in the logarithmic
scale. The dotted lines are the linear fit of spectral AAOD in the logarithmic scale.

The spectral dependence of AAOD was also used to compute the absorption Angstrém exponent
(AAE), using a linear regression fit on the logarithmic scale plot [2,45,46]. AAE data were found
for January (1.71 + 0.04), February (1.50 + 0.03), March (1.42 + 0.03), April (1.38 + 0.03) and May
(1.47 + 0.03), with ranges 1.38 to 1.71. Various studies have been done in the IGP region and different
locations of AERONET to investigate the AAE based on types of aerosols [2,49-51]. These previous
investigations have shown that AAE values vary from 1.2 to 3 for dust, 0.75 to 1.3 for urban and
industrial aerosols, and 1.2 to 2 for biomass burning. Similarly, in different studies on the AERONET
sites dominated by an optical mixture of smoke, dust, and industrial and urban pollution, have reported
AAE in the ranges of 1.2 to 1.8 [52]. AAE observed in this study also lies in the range, indicating the
absorbing behavior of aerosol components obtained in the mixed type of aerosols.

3.3. Investigation of Aerosol Sources and Types

Figure 8 shows the seasonal clusters of five days air mass back trajectories arriving at the
observation site Pokhara at an altitude of 500 m and active fire spots (red dots) for 2017. The percentage
contribution of each cluster is also shown in the figure for each season. The air masses reaching Pokhara
valley follow two distinctive pathways from the Indo Gangetic Plain (IGP) region, during winter
and pre-monsoon (Western Nepal, West India, and Pakistan), when the influence of strong western
disturbances occur. During monsoon, majority of air masses arrived from the eastern IGP region
and Bay of Bengal. Dense fire spots are observed during winter and pre-monsoon period over the
region, which can enhance the emission of aerosols from biomass burning, that could be transported
to Pokhara and influence the air quality and enhance AOD during that period [53]. In addition,
during the post-monsoon, widespread crop residue burning occurs in the north-west part of India [54].
Comparatively few active fire spots are detected during the monsoon season, which might be due
to cloud cover and heavy rainfall in South Asia, caused by moist air from the Arabian Sea and Bay
of Bengal.
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Figure 8. Clusters of five days air mass back trajectories computed with HYSPLIT model reaching
Pokhara and at altitude 500 m and all active fire spots; each season is symbolized with red dots
at different seasons (winter, pre-monsoon, monsoon and post-monsoon) of 2017. The percentage
contributions of each cluster are shown in different colors.

It is evident from previous analyses of aerosol chemical composition over the Himalayan foothill
in Nepal that the emission from crop-residue burning over the IGP has a significant impact on the
air quality over the regions [24,28,46,55-59]. The cluster analysis of trajectories in this study also
indicates the high likelihood that the aerosol population’s physical and optical properties over the
Pokhara valley could be influenced significantly by the regional transport of air masses from polluted
regions of South Asia. This could be further confirmed by looking at MODIS visible imagery, showing
continuous aerosol haze layers extending up from the IGP into the Himalayan valleys (Figure 9a,b).
The MODIS satellite image taken on 27 October 2017 reasonably shows emissions from biomass
burning. The biomass burning smoke funnels through the densely populated and industrialized
areas on IGP, and after mixing with anthropogenic pollution background, it comfortably transports to
Nepal’s Pokhara valley, and is also suggested by the HYSPLIT back trajectory analysis (Figure 9b).
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Figure 9. (a) The corrected reflectance true-color MODIS satellite image of the day 27 October 2017,
shows intensive air pollution plumes over the IGP. (b) NOAA HYSPLIT MODEL Back Trajectories
ending at 0600UTC on 27 October 2017. Horizontal and vertical scales of 400 miles on the left figure
are shown.

4. Conclusions

We have been able to study a cluster analysis of the aerosol climatology over Pokhara, an
AERONET site located on a Himalayan foothill, based on long-term aerosol optical properties, size
spectra and regional aerosol sources, and the long-range transport of aerosols over the observation site.
The variation of AOD spectra and the magnitude of AOD are strongly associated with the change in
seasons that brings different air masses over the observation site.

The maximum T 50 in the pre-monsoon season (0.75 + 0.15), followed by winter (0.43 + 0.12),
post-monsoon (0.39 + 0.08), and monsoon (0.27 + 0.13) seasons, show different aerosol loading, by
a varying amount of wind-driven long-range transport of aerosols (mainly dust and aerosols from
biomass burning, urban-industrial activities). The strong correlation between T 59 and {3 also shows
the association of seasonal aerosol loadings to influence the T( 50. The air masses back trajectory and
local and regional fire spots were supported, to investigate the effect of transboundary air pollution,
from different sectors over Pokhara. We find that Pokhara receives dominating westerly air masses
during the post-monsoon season, indicating a significant effect of biomass burning, such as crop residue
burning over the northeast part of Pakistan. Both westerly and southwesterly air masses crossing over
the Thar desert of India affect the area during the pre-monsoon and winter seasons. The pre-monsoon
season (April and May) is mainly crop harvesting time, such as wheat, in the northwest area of Pakistan,
and the smoke of burning crop residue easily diffuses to the atmosphere to be transported to Pokhara.
The monsoon season is significantly associated with the transport of aerosols from the side of the Bay
of Bengal. The trajectory analysis provides a unique background knowledge of aerosol components,
which arrives over Pokhara by mixing with anthropogenic pollution background and natural aerosols,
while passing over the heavily polluted IGP or coming from the IGP.

The study of spectral variation of AOD by using «’,the first derivative of the angstrom exponent
(o) with the wavelength in log scale distinguishes the aerosol size distribution, even with a similar
value of a. Furthermore, &’ is found to be more sensitive for months when there is a transition from one
season to another. This investigation suggests that the analysis of a’ gives a more sensible complement
of a to characterize more fully wavelength dependence of AOD and the comparative influence of
aerosol size spectra of two modes in aerosol loading. Intermediate AAE values range from 1.38 to
1.78, and the increasing and decreasing nature of SSA with wavelengths (analyzed only for winter and
pre-monsoon seasons due to limitations of availability of data) proved beneficial for identifying the
aerosols over Pokhara as a mixed type of aerosols, such as dust, aerosols from biomass burning and
urban-industrial activities.
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We consider the presented methodology as a useful tool for the calibration of aerosol optical
properties, and advancing knowledge on aerosol climatology over the Himalaya region of Nepal.
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ABSTRACT

The monthly variability of Aerosol Optical Depth at 0.50 um (AODy.5) and
Angstrém exponents (AE) based on spectral AODs over an Aerosol Robotic
Network (AERONET) site Pokhara, are analyzed by using aerosol data of the
year 2017. The AOD,.5, are characterized by low average values (0.21+ 0.12) in
monsoon, and highest values in pre- monsoon (0.67+ 0.14) followed by winter
(0.46+ 0.28) and post- monsoon (0.33+.02) with an overall mean of 0.43 £ 0.02.
The average AE obtained by using AODs at 0.44 um and 0.87 pm are 1.20+ 0.04
in pre- monsoon, 1.37+0.05 in monsoon, 1.41+.01 in post- monsoon, and
1.37+ 0.07 in winter with an annual average value of 1.35 + 0.08. These overall
variations of AE indicate that the majority of aerosol loading during the study
period was mixture of fine and coarse mode aerosols and the influence of
anthropogenic aerosols. The monthly average AOD suggest low aerosol
loading in the months of the monsoon season (June to September) than other
months of pre-monsoon season (March to May) and post-monsoon season
(October and November).
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1.

Introduction

anthropogenic and natural processes, have a strong
contribution to perturb the overall solar radiative

Aerosols are fine solid or liquid particles suspended forcing [1-3]. Hence, the sources, nature of
in the atmosphere, which are embedded by aerosols, and its climatic impact are a topic of
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significant interest in the climate. Commonly
known natural aerosols are dust, sea salt, forest
exudates, while anthropogenic aerosols are
particulate air pollutants produced from human
activities [4]. The importance of studying and
measurement of aerosol physical, optical, and
chemical properties have increased dramatically
since the last few decades as aerosol loading is
significantly growing due to urbanization and
industrialization, high population density, or
biomass burning.

The atmosphere over the urban areas contains a
concentration of particles with diameters from a
few nanometers to around 100 micrometers
produced mainly from a combination of primary
particulate  emissions  from  transportations,
industries, power generation, and natural sources,
and gases to particles conversion [5, 6]. Aerosol
particles from combustion sources, such as
automobiles, wood burning, and power generation,
can be small and are considered up to the size range
of 1 micrometer (um). The variability of climate is
associated directly with aerosols by scattering and
absorbing solar radiation and indirectly by
modifying cloud properties [7]. Most of the
aerosols are scattering type and cause a cooling
effect but some aerosols like black carbon, mineral
dust and few organic carbons are absorber of
radiation which causes warming effect in the
atmosphere [8]. The aerosol produced by human
activities has also contributed significantly to
climate change [9, 10]. The analysis of aerosol
optical properties along with meteorological
parameters such as precipitation, relative humidity
will give a picture of aerosol types over the aerosol
observation sites [11-13]. Ground-based
measurement and analysis of aerosol optical
properties are important for the quantitative
measure of the extinction of solar radiation by
aerosol scattering and absorption. Since the last two
decades, the direct measurement of aerosol optical
properties from ground-based is increasing
worldwide. The Aerosol Robotic Network
(AERONET) is one of the network which provides

long-term aerosol optical data in many different
areas of the world, and it has also established in
Pokhara. This site is one of the fast urbanizing
cities of Nepal with a lot of construction works,
growing industrialization and rapid increase in
population[14][2]. It causes to  deposit
anthropogenic aerosols in the atmosphere which
requires a systematic, continuous and long term
analysis of physical and chemical properties[15].
But there are very few studies in this region to
address the impact of aerosol on climate change,
crop productivity, visibility and human health. This
work provides an overview of aerosol type by the
analysis of Aerosol Optical Depth (AOD) and
Angstrom Exponents (AE). A number of previous
studies have classified aerosol types from ground
based observations and remote sensing from
satellites[16,17]. The spectral variation of AOD
which can be characterized by Angstrom's
parameters gives an idea of particle size and
aerosol loading in the atmosphere [18, 19].

1.1 Theoretical background

The aerosol characteristics are commonly
determined by using the Angstrom's parameters, o
and B [20] and are related to AOD as;

™) = pA~* I

where a is the wavelength exponent that represents
columnar aerosol size distribution in the
atmosphere and used as a qualitative indicator of
aerosol particle size and chemical composition.
Angstrom exponent values greater than 2 indicate
small particles associated with combustion
byproducts, and values less than 1 indicate large
particles [21, 22] like sea salt and soil dust. The
detection of high values of a is always associated
with the small anthropogenic particles [23]. B is the
turbidity coefficient that shows the aerosol number
concentration in the vertical column of the
atmosphere. The value of B generally varies from
0.0 to 0.5. The atmosphere is clean when f is less
than 0.1 and turbid when it is greater than this. o at
wavelengths 0.34, 0.38, 0.44, 0.5, 0.67, 0.87, and
1.02 um are sensitive to the volume fraction of
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aerosols with radii less than 0.6 mm but not to the
fine mode effective radius. Long wavelengths
0.67 um and, 0.87 um are sensitive to fine mode
volume fraction of aerosols, but not fine mode
effective radius, while short wavelengths 0.38 um
and, 0.44 pm are sensitive to the fine mode
effective radius but not the fine mode volume
fraction [24].

At a wavelength, A = 1 um, we have t (A) = B,
which is related to the aerosol column burden.

The linear equation in logarithmic format is given
by

Int(A) =Inf—alni (2)

Equation 2 gives the values of Angstrom's
parameters o and B by least square analysis.

2. Experiments and Discussion

Research Site and Instrumentation

The observation site Pokhara is one of the
important geophysical cities and an important
tourist destination of Nepal. It is situated at an
altitude of 800.0 m above the sea level and about
200 km, by road, west of the capital city,
Kathmandu. The valley is surrounded by hills about
1000-2000 m high. The elevation rises from 800.0
m to over 7500.0 m over an aerial span of 25.0 km.
Pokhara is the region of highest precipitation rates
in the country (3350 mm/year to 5000 mm/year).
Due to this sharp rise in altitude, the climate of the
city is sub-tropical; however, the elevation keeps
the temperatures moderate [25]. Summers are
humid and mild, and most precipitation occurs
during the monsoon season (July - September),
winter and spring skies are generally clear and
sunny. The mixing of dry westerly air masses with
heated moist air masses from the Bay of Bengal
produces strong convection over the Pokhara
Valley, and thus results in strong updrafts. These
strong convective activities are frequent in the pre-
monsoon and monsoon seasons but do not occur
during the winter season [26].

AErosol RObotic NETwork (AERONET), a
federation of ground-based remote sensing aerosol
networks established by NASA and PHOTONS,
site in Pokhara is situated on the rooftop of hotel
Sangrila, which is near to Pokhara Airport and uses
(https://aeronet.gsfc.nasa.gov/cqi-
bin/draw_map_display_inv_v3).CIMEL
Sunphotometer, which is a ground-based device to
measure vertical profiles, as shown in the figure 1.

Pokhara

Fig. 1: Map of Nepal showing the location of
Pokhara (Red icon) (obtained from
https://www.google.com/url:

). The Sunphotometer used
for the study is shown in inset. (Photo: Arnico
Panday)

CIMEL sun and sky radiometer operate in two
modes, direct sun measurements at 0.34 um, 0.38
um, 0.44 pm, 0.50 pum, 0.675 pum, 0.87 um, 1.02
um, 1.64 um wavelengths and sky measurements at
0.44 uym, 0.675 pum, 0.87 pm, 1.02 um [3, 26]. This
radiometer makes direct Sun measurements with a
1.2° full field of view every 15 min. These solar
extinction measurements were used to compute
aerosol optical depth (AOD), which were
automatically computed by using software and are
available in the AERONET website. 0.94 um
channel is used to retrieve total precipitable water
in centimeters. A study has reported the estimated
uncertainty in computed AOD approximately +0.01
to £0.02, which is spectrally dependent with higher
errors in the UV region [12]. These data are
available on the AERONET website, and since
now, we name it as AERONET data. Level 2
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AERONET aerosol optical data are cloud-screened
and are used in this study. Since the data are cloud
screened and quality assured, data will not be
available during cloudy days and when the sensor
is wet. For this reason it is very difficult to obtain
data during monsoon season.
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Fig. 2: Accumulated Rainfall during Monsoon
2017 as monitored by DHM, Nepal. The plot is
retrived from website of DHM weather on
7/21/2020.
http://www.dhm.gov.np/uploads/getforecast/17972
20298sep%202017 final.docx

As reported by DHM Nepal, the average rainfall
during monsoon season (June, July, August and
September) are 670 mm, 932.5 mm, 767 mm and
714.2 mm respectively. The average maximum and
minimum temperature during the monsoon season
were 30.97 and 22.57 respectively. The annual
rainfall in the year 2017 was 3743.3 mm. It means
a significant amount of rainfall takes place in the
monsoon season that can easily flush out larger
aerosol particles from the atmosphere causing a
larger drop in the value of AOD.

Angstrom exponents, which were obtained by two
pairs of wavelengths 0.44 pm and 0.87 um are
analyzed. Daily averaged aerosol optical depth at
0.50 um, AODy.5o and angstrom exponents based
on wavelengths ranges, 0.40 um to 0.87 um are

downloaded from AERONET Pokhara site and
analyzed for different months.

3. Results

3.1. Variability of AODy.s50, AE coefficients and
Precipitable Water

The time series of daily averaged aerosol optical
properties, namely AOD at 0.50 um (AODy.s),
calculated Angstrém exponents (AE) in a
broadband (0.44 pm-0.87um) and precipitable
water (PW) in cm, from January to December of
2017 are presented in figure 2 (a, b and ¢). The
monthly averages of AODgsq, AE, and PW (in cm)
along with monthly standard deviation are
presented in Table 1. It shows that aerosol loading
is strong in the months from March to May with
significant fine particles. Angstrom exponent data
indicate the approximation of the dominant size of
fine particles in aerosol loading in all seasons. For
our general reference we considered the threshold
value of AOD and AE for nearby region (Delhi) for
anthropogenic, mixed type, biomass burning and
dust were taken as 0.3-1.3 and > 0.9, 0.4-0.7 and <
09, > 13 and > 0.8, and > 0.7 and < 0.6
respectively [27,28]. The significant standard
deviation in the AOD and AE represents for the
different types of particulate components loading
into the atmosphere [19, 29]. As expected in the
monsoon period (June to September), the air is
clean with low and stable AOD. In the rainy
season, in which we find a large amount of PW in
the atmosphere (Table 1), the monsoon period, the
reduced values of AOD may have been caused by
differences in the production and flushing of
aerosol from the atmosphere due to rain between
dry and rainy seasons.

Both AOD and AE exhibit a distinct seasonal trend,
mainly in the months of pre and post- monsoon
seasons. From the end of winter towards pre-
monsoon season (March to May), the AOD has an
increasing trend and may be mainly due to the
buildup of anthropogenic aerosols, burning of crop
residue such as wheat in the regions as this season
is the time of harvesting. PW is an essential
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parameter of the atmosphere for the overall climate change. Monthly mean values, along with standard
deviations (Table 1), show that PW is decreasing from post- monsoon seasons to the early stage of pre-
monsoon.
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Fig. 2: Time series of daily averaged columnar (a) AOD values at a wavelength 500 nm (0.50 pm),
AODy50(b) Angstrém exponent (AE) with broad band 0.44 um /0.87 um and (c) Precipitable water in cm,
measured over Pokhara from Jan to December of 2017. The bottom scale is in Julian day with 1 for
January first and 365 for last day of December.
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Table 1. Monthly average of AOD, AE and Precipitable water (PW) and standard deviation in
parenthesis for each month. The standard deviation is significant due to daily variability of aerosol

optical properties and PW.

Precipitable_Water (PW) in

Months AOD_0.50pm AE (0.44/0.87) i
Jan 0.30(x0.12) 1.43(+0.05) 1.21(0.22)
Feb 0.79(+0.33) 1.30(+0.09) 1.56(0.25)
March 0.72(0.49) 1.27(+0.18) 1.95(0.59)
April 0.79(+0.45) 1.21(+0.22) 2.31(0.67)
May 0.52(0.31) 1.25(+0.19) 3.06(0.45)
June 0.34(0.18) 1.31(+0.14) 3.91(0.46)
July 0.12(+0.05) 1.41(+0.18) 4.63(+0.19)
Aug 0.16(0.08) 1.39(+0.18) 4.70(+0.30)
Sep 0.31(0.15) 1.41(+0.09) 3.98(0.28)
Oct 0.36(+0.21) 1.40(+0.06) 2.83(x0.57)
Nov 0.31(0.20) 1.41(+0.06) 1.81(0.23)
Dec 0.30(0.14) 1.37(+0.08) 1.31(20.36)

3.2. Spectral dependence of AOD

The spectral values of AOD decrease with an
increased value of wavelength of light. The figure 3
shows the strong dependence of AOD at a shorter
wavelength and gradually decreases towards the
longer wavelengths indicating the presence of fine
to coarse aerosol particles. The fine mode particles
are responsible for enhancing scattering that causes
to make the values of AOD high at a shorter
wavelength, whereas coarse mode particles are
responsible for lower values of AOD at longer
wavelength [19].

It can also be observed from the graph that the
variation of AOD with wavelength follows a
similar trend for different seasons, as indicated in
figure 3. The average value of AOD is highest at

pre-monsoon season followed by winter, post-
monsoon, and monsoon season.

The change in curvature in spectral AOD in figure
3 could be due to the presence of more than one
type of aerosol in the atmosphere, so characterizing
them using a single value of a is only an
approximation [30]. The variation of averaged
AOD based on different seasons with wavelength
in logarithmic scale is investigated by using first
order linear fit, given by equation, and calculated
angstrom exponents and turbidity parameters.

The Angstrém exponent and turbidity parameters
for these different seasons based on a single year
data are found as f=0.19+ 0.01 and o = 1.16 = 0.07
(winter season), f =0.29 = 0.01 and o= 1.13 + 0.04
(pre-monsoon season), § =0.09 + 0.03 and o = 1.25
+ 0.03 (monsoon season), and f =0.13+ 0.01 and a
= 1.22 £ 0.07 (post-monsoon season). The variation
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of turbidity parameters indicates for the aerosol
loadings, and the order of [ values perfectly
matches the variation of AOD values. The
Angstrdm exponents indicate for a significant
contribution of fine mode particles. These a values
were calculated using the mean spectral aerosol
optical depth (AOD) at wavelengths, A, from 0. 34
um to 1.64 pm. On the other hand, the seasonal o

CHANA 18 (2021) 131-140

based on the spectral AOD at wavelengths ranges
0.44 um to 0.87 um were found as o= 1.36 + 0.06
(winter season), 1.24+ 0.03 (pre-monsoon season),
1.37 = 0.05 (monsoon season), and 1.40 = 0.01
(post-monsoon season). In our study, a calculated
using two different wavelength ranges of AOD
shows very little differences, with slightly higher a
obtained in the ranges 0. 34 um to 1.64 pm.
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4. Conclusions

The monthly averaged AOD over the Pokhara
AERONET device data shows that aerosol
concentration is lower in the months from July to
September than in the pre and post-monsoon
season. It is associated with the regular rainfall in
the region during this period. This study shows that
the lower AOD on these months is due to the heavy
rainfall, as indicated by higher precipitable water
levels during the monsoon season. The lowest
columnar AOD at 0.50 um (AODy.sp) characterize
the lowest aerosol loading in monsoon, and highest
average values in pre-monsoon followed by winter
and post-monsoon. Previous studies suggest that
the higher value of AOD during pre-monsoon and
post-monsoon is due to the accumulation of aerosol
loading from biomass burning and trans-boundary
pollution from IGP (Indo Gangetic Plain). AE’s
Comparison obtained at two wavelength ranges,
0.44 to 0.87 pm and 0.34 to 1.64 um, indicates that
AE observed in the ultraviolet to infrared ranges
can estimate aerosol sizes and shows that the
aerosol has comparatively less impact on the
infrared region. This analysis presented only one-
year aerosol optical data to represent monthly
variation along with seasonal variation. Therefore
this study also sees the importance of further
analysis of aerosol optical properties by using
multi-year aerosol data along with back trajectory
analysis of air masses to identify trans-boundary
aerosols and source of air pollution over Pokhara.
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Abstract

The concentration of fine and coarse particulate matter at the surface level in Pokhara and Pulchowk (Kathmandu Valley)
of Nepal was monitored from January to September 2020 using particulate matter sensors. Size-segregated particulate
matter with diameters less than or equal to 1 micrometer (PM 1.0), PM 2.5, and PM 10 are analyzed hourly, daily, and
seasonally. Pokhara is observed to be less polluted than Pulchowk, with an average of 58.96 pg /m3 during winter and
38.50 pg /m3 pre-monsoon. Pulchowk PM 2.5 averaged 99.64 ug /m3 during the winter season, December to February,
and 55.94 pg /m3 during the pre-monsoon season, March to May. PM concentrations vary bimodally and decrease
significantly in the daytime until 5 pm local time. There was a significant decrease in PM 2.5 after the last week of March
in both cities, resulting from the COVID-19 lockdown, which indicates that most surface-level aerosol particles are
anthropogenic such as traffic and cooking activities in the evenings and mornings might have significantly affected
particulate matter concentrations. Based on seasonal variation, Pulchowk PM 2.5 leads to Pokhara by 1.63 times in winter,
1.46 times in pre-monsoon, 1.25 times in summer, and 1.32 times in post-monsoon, indicating Pokhara is less polluted
than Pulchowk. In both cities, PM 2.5 contributes equally to PM 10, with fraction of 0.89 (0.86), 0.87 (0.85), 0.94 (0.92),

and 0.76 (0.83), with the numbers in parenthesis representing Pulchowk and Pokhara, respectively.

Keywords:

Coarse Mode; Fine Mode; Particulate Matter (PM 2.5, PM 10); Spatio-Temporal Variation.

1. INTRODUCTION

Aerosol particles with an effective aerodynamic
diameter of 2.5 m or less are called Particulate
Matter (PM2.5) [1]. Particles like these have
various health effects and play a significant role in
climate change. PM is a chemically non-specific
pollutant with different chemical compositions
depending on its source [2]. The most important
sources of such PM are biomass and fossil fuel
combustion, along with diverse energy sources
used in household activities [3].

Ground observations of aerosol particles are crucial
as the level of uncertainty is very high due to
various local and external factors [4]. Even though
satellite observations can provide long-term and
global coverage, they may not be as precise as
surface measurements. As satellites view the entire
atmospheric column, it is difficult to distinguish
surface particles from those at a height [5]. It is

necessary to update satellite data retrievals by
considering regional bias corrections because
satellite detection of surface-level and geographic
data reduces its accuracy [6]. It is necessary to take
multiple ground-based measurements at various
locations to validate satellite and model-generated
data. Further, establishing many ground-based
measurement stations worldwide will be costly, and
skilled human resources will be hard to come by.
Low-cost sensors like Purple Air Monitor, which
can be operated with general technical knowledge
and transported to multiple locations quickly, can
fill this gap.

In our study, we studied Kathmandu (the most
polluted city in Nepal) and Pokhara (comparatively
clean among Nepalese cities). Combined with rapid
population growth, they are rapidly urbanizing.
Pokhara has a population
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density of 4,626.3 / km?, while Kathmandu has a
population density of 19726 / km? (CBS, 2011).
Apart from this, human activities such as the
unplanned expansion of the city, the increase in
vehicles, the haphazard construction of buildings,
unmanaged industries, and biomass burning
contribute to the pollution of the environment.

In the Environmental Performance Index (EPI)
2022, Nepal ranks 178th for air quality and 162" in
EPI (it was145th in 2020) among 180 countries
(Figurel a, b and c). It means the air quality is very
poor and threatening, and mitigation is urgent.
Statistics are essential for developing long- and
short-term  strategies. Only continuous and
sufficient research will be able to accomplish this.
The Kathmandu valley has had few studies
analyzing PM 2.5 concentrations in the past. Aryal
et al. (2009) reported that the valley has very high
pollution levels, which peak in the morning and
evening with higher values[7]. During winter
mornings, pollutants remain within the inversion
layer due to mixing layer activity under weak wind
flow and basin topography of the valley [8]. Several
other studies have also reported similar results [9]-
[12]. However, a continuous and long-term study is
always desirable to understand and know how air
pollution is progressing. Kathmandu's source
apportionment studies showed that 40% of it is
from brick kilns, 37% from motor vehicles, and
22% from biomass/garbage burning) is Elemental
Carbon, 47% from motor vehicles, 32% from
biomass/garbage burning, and 13 percent from soil
dust [13].
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Map 2-1, Rankings in the 2022 Environmental Performance Index for 180 countries.

1 36 72 108 144 180

a 2022 EPI Rank

Environmental Performance Index -

Figure 1: a. Global Environmental Performance
Index (EPI) map for 2022. b. Nepal's
Environmental Performance Index ranking.

Source: https://global-
reports.23degrees.eu/epi2022/root (Retrieved on

09/07/2022)

Earlier studies have shown that transboundary and
local aerosol particles affect the Pokhara valley [4].
Some of them are local in origin, while others are
transboundary. Pollutants from the IGP region
significantly affect it as well as Kathmandu valley.
According to reports, biomass burning, industrial
pollution, desert dust, and urban activities are
significant sources of pollution in the IGP region
[14], [15]. Based on images from the MODIS
satellite and NOAA's HYSPLIT MODEL back
trajectory, Regmi et al. (2020) report that an aerosol
haze layer extends from the IGP to the Pokhara
valley (Figure 2. a and b).
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Figure 2: (a) The corrected reflectance true-color MODIS satellite image of 27 October 2017 shows intense air
pollution plumes over the IGP. (b) NOAA HYSPLIT MODEL trajectories ended at 0600 UTC on 27 October

2017 (Regmi et al., 2020).
2. An overview of the materials and methods
2.1 The Purple air sensor's structure

A Purple-Air sensor was used to measure PM1.0,
PM2.5, and PM10. This small and handy device can
detect particles from 0.3 micrometers to 10.0
micrometers in six different sizes. This device has
a six-sided shielding that provides high anti-
interference performance and an option for air
inlet/outlet direction. PMS5003 sensors are used to

detect and count suspended particles in the air. ESP
8226 microcontrollers and BME 280 environmental
sensors are used (Fig. 3). BME 280 sensors measure
pressure, temperature, and humidity within the
units. Consequently, the ESP 8266 microcontroller
communicates with the PMS5003 sensors and the
Purple Air server via Wi-Fi, allowing the PM
concentration data to be viewed and downloaded
live on the Purple Air map
(https://www.purpleair.com/map) via the
application programming interface (API).

Figure 3: a. Photograph of Purple air. b. View of two blue sensors at the bottom of the PM-I11 unit.



2.2. Principles of operation

When the laser beam passes through an air passage,
an air particle reflects some of the laser beams onto
a detection plate using laser scattering. The
detection plate measures the reflection as a pulse,

PMSS003 Sensor Working Principle

Input Axr

' Input Air + particles

Light Scattering
Measuring Cavity

) Laser Light . '
K Source E

Figure 4: Purple Air II-AP/SD sensor and an overview of the PMS5003 working principle (Accessed on September
11, 2022 from http://www.agmd.gov/docs/default-source/ag-spec/resources-page/plantower-pms5003-manual_v2-
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and the pulse's length determines the particle's size.
The number of pulses counts particles. Based on
MIE theory, the equivalent particle diameter of the
microprocessor and the number of particles with
different diameters per unit volume are calculated
(https://www.purpleair.com/map).

Electnic
signal

Electric Digital }

Filter signal Micro signal ¢

Amplifier P Processor {
Circuit (MIE theory)

3.pdf)

2.3 Site Description:

Pokhara (28.23° N, 83.99° E) and Kathmandu
(Pulchowk Engineering Campus 27.68° N, 85.31°
E) are equipped with purple air monitors to measure
the size of segregated PM in the air at the surface.

The Pokhara valley is the second-largest city in
Nepal, located approximately 200 km west of
Kathmandu at an altitude of 805 meters. The city is
surrounded by hills, ranging in altitude from 1000
to 2000 meters. Approximately 35 km separates the
north of IGP from the south side of Pokhara, while
in the north, altitudes rise rapidly to over 7000

meters. During the summer, the mountains near
Pokhara lift humid air masses, which leads to a lot
of precipitation, which can significantly impact
aerosol concentrations in the atmosphere [16].

Kathmandu valley, located 1325 meters above sea
level, is the capital of Nepal. The city is located
between the Indo-Gangetic Plain in the south,
densely populated and a potential source of
transboundary pollution, and the great Himalaya in
the north [17]. It is surrounded by tall mountains
with elevations ranging from 2000 m to 2800 m,
creating a bowl-shaped structure that traps
pollutants within the valley [18].
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3.Results and Discussions: premonsoon, 0.62 in monsoon, and 0.66 in
postmonsoon. The seasonal variation was analyzed

3.1. Seasonal Variability of PM 2.5 and PM 10 using a year of data due to data availability. PM 2.5

Figure 6 (a to d) illustrate the seasonal scatterplot levels in these two cities are correlated

of simultaneously observed PM 2.5 data between significantly, suggesting similar air pollution

Pulchowk and Pokhara. In Pulchowk and Pokhara, embedded over the atmosphere, such as roadside

PM 2.5 correlates with 0.77 in winter, 0.67 in dust, traffic pollution, and transboundary air
pollution.
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Figure 6. This figure shows the seasonal scatterplot for PM 2.5 in Pulchowk and Pokhara in 2020 a. winter b.

pre-monsoon ¢. monsoon and d. post monsoon season.

Table 1 shows a seasonal variation of average
PM2.5 and PM10 concentrations, along with
standard deviations. Based on this data, Pokhara is
relatively cleaner than Pulchowk. In Pokhara, fine
and coarse mode particle concentrations are lower
in all seasons than in Pulchowk. Pulchowk's PM2.5
average is 1.63 times higher in winter, 1.46 times
higher in premonsoon, 1.25 times higher in
summer, and 1.32 times higher post-monsoon than
Pokhara's. Similarly, Pulchowk leads Pokhara in
PM 10 ratio by 1.71 in winter, 1.50 in premonsoon,
1.28 in monsoon, and 1.21 in post-monsoon
compared to Pokhara. We notice that Pulchowk has
significantly higher PM concentrations in winter
and premonsoon. The remaining two seasons are
also significantly polluted in Pulchowk. While

Pokhara shows a low PM 2.5 concentration except
during winter (40pug/m3 NAAQS, 2012), Pulchowk
shows a high level all year but during monsoon. In
Pokhara, PM 2.5 concentrations are lowest during
monsoon (17.35 + 3.51 pug/m3) and highest during
winter (61.11 + 15.67 pg/m3). Pulchowk also
recorded the lowest value during monsoon (21.73+
5.53) pg/m3 and maximum value during winter
(99.72+ 12.65) pg/m3 significant seasonal variation
in the concentration of PM 2.5. As shown in Table
1, PM 10 concentrations in both sites are lowest in
monsoon and highest in winter. As shown in table
1, PM2.5 / PM10 measures fine particles in an
area's atmosphere compared to coarse particles,
which contribute similarly to total particulate
matter in both cities.

Table 1: Seasonal average concentrations of PM 2.5 and PM 10 in Pokhara and Pulchowk along with the ratio

of PM 2.5 to PM 10.

PM.s pg/m® PMyo pg/m® PM2s/ PMyo

Pokhara Pulchowk Pokhara Pulchowk Pokhara | Pulchowk
Winter 61.11+15.67 | 99.72+12.65 | 68.05+13.03 116.39+12.87 0.89 0.86
Pre- 38.03+20.59 | 55.72+19.95 | 43.57+£10.91 65.49+23.86 0.87 0.85
Monsoon
Monsoon 17.35+351 | 21.73+5.53 18.38 £7.77 23.56+7.67 0.94 0.92
Post- 39.85+ 9.66 52.78+ 29.80 | 52.36+ 6.60 63.54+31.72 0.76 0.83
Monsoon

3.2 An Overview of Meteorological Parameters
and Variation of PM 2.5

The table 2 presents the seasonal meteorological
parameters for Pokhara and Pulchowk to illustrate
the overall atmospheric dynamics. Both cities
experience similar temperature variations, but



Pokhara's relative humidity and air pressure are
significantly higher than Kathmandu's. As a result
of Pokhara's higher relative humidity, the monsoon
has had a more significant impact on overall aerosol
concentration during summer than in Kathmandu,
Pulchowk. According to a previous study, wind,
temperature, humidity, rain, and solar radiation all
influence air pollution levels [19]. Pokhara's higher
rainfall may contribute to its lower PM 2.5 level,
significantly lower than Pulchowk's. PM levels
were examined at two stations on the same day
based on temperature and relative humidity. The
two days were selected based on the complete
availability of data for all day hours at the two sites.
Pokhara's PM 2.5 variation does not show any
significant trend with temperature, as shown in
figure 7 (a and b). However, it shows some inverse
variation with temperature during the day,
especially at noon and in the afternoon, which can
be due to a reduction in traffic activities or the
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diffusion of air pollution. In Pulchowk, however,
PM concentrations show a change in PM variation
opposite to temperature after around 8 am.

Figures 7 (c and d) show the significant relationship
between PM 2.5 concentrations and relative
humidity (RH). In both sites, PM increased with an
increase in RH on two specific days (Jan 28 and
Nov 6, 2020); however, we cannot draw any
specific conclusions about the results. It is likely
that this variation results from anthropogenic
pollution produced in the morning and evening at
the same time as traffic, biomass burning, and lower
temperatures that increase relative humidity. Few
studies have found that PM concentrations
increased relative humidity [20]. On the other hand,
an industrial area with low precipitation had a
negative correlation [21]. As far as PM production
and dispersion are concerned, RH does not appear
to have an effect [22].

Table 1: Seasonal climate parameters for Pokhara and Pulchowk from January 2020 through November 2020

in Pokhara and Pulchowk.

Season Temperature (° C) Relative Humidity (%)
Pokhara Pulchowk Pokhara Pulchowk
Winter 16.80 17.98 59.22 50.73
(Jan, Feb)
Pre-Monsoon 24.22 24.01 55.80 48.76
(Mar, Apr, May)
Monsoon 28.91 29.04 66.99 59.11
(June, July, Aug, Sep)
Post-Monsoon 24.47 25.91 58.56 45.93
(Oct, Nov)
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Figure 7: variation of PM 2.5 with relative humidity on two randomly selected days in Pokhara and Pulchowk. a.
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3.3 Daily Variation of PM 1, PM 2.5 and PM 10
in different Seasons

In figure 8 (a to d), the daily mean concentrations
of PM 1, PM 2.5, and PM 10 in Pokhara are shown
for different seasons, and in figure 9 (a to d), the
daily mean concentrations of PM 1, PM 2.5, and
PM 10 in Pulchowk are depicted for various
seasons. According to the data, Pulchowk's PM 10
and PM 2.5 concentrations are higher than
Pokhara's throughout the year. While observing the
overall data each season, Pulchowk and Pokhara
had maximum daily averages of 115.33 pg/m3 and
159.86 pug/m3 of PM 2.5, respectively, in winter.
The pre-monsoon air quality in Pokhara was 155.24
pg/m3, and in Pulchowk, it was 176.14 pg/m3. As
a result of the lockdown, followed by COVID-19,
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the average concentration decreased in both cities.
Nevertheless, it shows that the concentration is
highest during the winter season, gradually
decreases until the monsoon, then increases again
during the post-monsoon.

Comparing the PM concentrations in Pokhara,
mixed types of particles of all sizes contribute to the
particulate matter during all seasons. Both PM 10
and PM 2.5 (coarse and fine modes) contribute
nearly equally, with coarse mode dominating
slightly. The ultrafine particles (PM 1) contribute
significantly less, which may be due to the low
effectiveness of the low-cost sensors, as previous
studies have indicated that they are unreliable
enough to track ultrafine particles [23].
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Figure 8. Comparison of Concentration of PM 1 pug/m?®, PM 2.5 pg/m® and PM 10 pg/m? in Pokhara
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Conclusions:

This study used Purple-Air sensors to measure and
analyze PM1.0, PM2.5, and PM10 aerosol particles.
The Purple-Air sensor data were also examined in
ambient conditions to confirm air pollution trends
observed in Kathmandu and Pokhara, Nepal's two
major cities and climatically wvulnerable regions
between the Indo-Gangetic Plain (IGP) and the high
mountains. The cities are also rapidly urbanizing, with
many anthropogenic pollution sources locally. With
such a low-cost sensor, we could also monitor the
fluctuation in air pollution caused by traffic variations,
such as the COVID-19 lockdown, and we noticed the
decrease in pollution with the traffic reduction during
this lockdown.
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Abstract: The AERONET data from sun/sky radiometer over Pokhara (2017) was analyzed to observe aerosol optical
depth (AOD) of size segregated particles and radiative forcing. Fine mode particles have over seventy percent
of contribution to AOD in all months with the maximum, ninety-four percent, on November and February, and
minimum on July, seventy-nine percent. The monthly mean top of atmosphere (TOA) forcing are negative
—23.225 + 4.71 Wm ™2 in March, —28.958 + 4.71 Wm ™2 in April and —19.616 £ 4.71 Wm =2 in May. The
negative value of TOA during all the months in pre-monsoon season indicates net cooling. Whereas surface
forcing (BOA forcing) was found to be positive with a maximum value of 111.18 & 27.63 Wm~2 during April
and a minimum of 56.22 + 27.63 Wm~2 during May. The resultant atmospheric forcing is the absorption due
to aerosols within the atmosphere and found to be +267.57 Wm =2 during April and +228.55 Wm~2 during
May; indicating significant heating of the atmosphere.

Keywords: Radiative Forcing @ Aerosol Optical Depth e Coarse Mode/Fine Mode o Atmosphere (TOA and BOA)

1. Introduction

The radiation balance of the incoming and outgoing energy in the Earth-Atmosphere system is affected
by external factors such as greenhouse gases and aerosols. Radiative forcing (RF), which is the change in the
radiation budget received by the planet and energy radiated back to space, leads to either cooling or warming
based on negative and positive RF [1]. Alternatively, the flux changes at the top of the atmosphere (TOA)
is radiative forcing and is a better indicator of the global mean surface temperature [2]. Aerosol particles can
influence climate directly by scattering and absorbing (in the case of black carbon) solar radiation [3] . Since
a portion of the scattered radiation will be reflected back into space and leads to a cooling of the atmosphere.
Fine particles of diameters less than one micron (um) are most effective for governing the strength of the aerosol

optical properties [4].

* Corresponding Author: jsregmi28@gmail.com
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The characteristic of chemical components of aerosols particles indicate for the strength of absorption
and scattering of solar radiation by aerosol particles. Black carbon absorbs solar radiation, which leads to a
warming of the atmosphere [5]. Black carbon deposition on snow and ice could decrease the surface albedo,
leading to additional warming. Mineral dust also contributes for the absorption of radiation. Aerosol compounds
such as sea salt, nitrate and sulfate scatter the light significantly than absorption resulting the cooling of the
Earths atmosphere and therefore are also known as cooling agents. The indirect effect of aerosols is on the
Cloud Microphysics that alters the cloud albedo by forming cloud condensation nuclei (CCN). The aerosols are
responsible to reduce surface albedo upon deposition on snow, resulting in positive radiative forcing [6-8]. The
aerosols can have both warming or cooling of the atmosphere called aerosol radiative forcing [9].

The deviation in radiation energy due to the interaction with atmospheric components is called attenuation.
Absorption and Scattering of radiation are two processes included in attenuation. The radiation-matter inter-
action depends on wavelength of radiation, physical and chemical properties of the particle interacting with the
radiation. It is known that more attenuation is possible in a region which has large numbers of such attenuators.

The interaction and attenuation of radiation is determined by the optical depth (7) and is given by,

T=/O',0dX (1)

where p is the density of the attenuator present in the path length dx in the direction of propagation and o is
the mass extinction cross section of the matter present within dx. In general, the intensity of radiation decreases
exponentially with optical depth. If radiation with initial intensity I, traverses a thickness dx with matter of

optical depth p then the intensity after crossing this distance is given by;

IN) =1 (\) e (2

This is called Beers law and sometimes it is referred to as Beer Lamberts law. The optical depth depends
upon wavelength and number density of the attenuator. In order to get total attenuation of radiation, optical

depth of all matters should be taken into account. Hence;
T(X) = TRayleigh(\) + 1Ozone(X) + T Aerosol(A) + 7Cloud(X) (3)

where T Rayleigh()\), TOzone()), T Aerosol(N\) and 7Cloud()) are optical depths caused by molecular, ozone,
aerosols and clouds respectively [10].

The larger the optical thickness at a particular wavelength, the less light of that wavelength reaches Earths
surface. Measurement of aerosol optical depth (AOD) provides important information of concentration, size

distribution, and variability of aerosols in the atmosphere which are essential parameters for climate studies

and to understand the overall effects of aerosols.
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Aerosol optical depth (AOD, 7())) is a quantitative measure of the extinction of solar radiation by aerosol

scattering and absorption and is expressed in terms of Angstrom’s parameters, a and 8 [11, 12] as;
T(A) =" (4)

where « is the wavelength exponent that represents columnar aerosol size distribution in the atmosphere
and used as a qualitative indicator of aerosol particle size and chemical components. The coefficient 5 is equal to
7(\) at a wavelength of 1 um and depends on the concentration of particles. Typical values of 8 vary from 0 to
0.5 indicating the higher the amount of aerosol present in the atmosphere with higher the values of 8 [13]. Size
segregated monthly averaged AOD, which are automatically cloud cleared and manually inspected data, over an
AERONET site of Nepal, Pokhara (28.18 N, 83.97 E) were received from AERONET webpage (https://solrad-
net.gsfc.nasa.gov/networks.html) and analyzed. Comparing these data with RF gives a clear picture of aerosol
characteristics. Coarse mode size distribution is being mechanically cut off at 0.6 um separating fine mode as
smaller particles with radius smaller than 0.6 pm. For air quality applications, this paper focuses on the analysis
of total AOD , fine/coarse mode aerosol contributions in the AOD, comparison of RF with AOD [14]

The aerosol radiative forcing at the top of the atmosphere (TOA) or at the surface is defined as the difference

in the net (down minus up) solar flux (solar plus long wave; in Wm ™2 ) with and without aerosol, i.c..
AF = (Fay — Fat) — (Fo, — For) (5)

where AF denotes the irradiance (down-welling or upwelling, Wm™2 ) and (F | —F 1) denotes the net
irradiance (down-welling minus upwelling) computed with aerosol (F,) and without aerosol (Fp) at either the
TOA or the surface [15].

The aerosol radiative forcing efficiency is defined as the rate at which the atmosphere is forced per unit of

aerosol optical depth at 0.55 um both at BOA and TOA:
eff _
AFGY roa = AFpga /7(0.55) (6)

It gives an evaluation of the direct radiative effect for each type of aerosol, characterized by absorption and
size distribution [16]. Forcing efficiency depends upon nature of aerosol type. It is higher for absorbing aerosols

like black carbon.

2. Methodology
Aerosol Robotic Network (AERONET)

AERONET is a globally distributed network of automatic sun and sky scanning radiometers. Aerosol data
from an AERONET site, Pokhara (28.187N, 83.975E), is retrieved for this study. AERONET uses CIMEL sun
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and sky radiometer, which operates in two modes, direct sun measurements at 340 nm, 380 nm, 440 nm, 500
nm, 675 nm, 870 nm, 1020 nm, 1640 nm wavelengths and sky measurements at 440 nm, 675 nm, 870 nm and
1020 nm [17, 18]. These solar extinction measurements were used to compute aerosol optical depth (AOD), which
were automatically computed by using a software and are available in the AERONET website. Holben et al. [17]
presents the detailed estimation of uncertainty in computed AOD of approximately £0.010 to +0.021, which is

spectrally dependent with higher errors in the UV region.

AERONET Data selection

In our analysis, we included fine-mode AOD, coarse mode and total AOD at 500 nm. First, we obtained
daily means aerosol data from the website and were then used to calculate the monthly averages, by requiring
at least 10 days per month. For the seasonal means it was required that all the months had sufficient amount of
measurements. Eck et al. [19] included several example cases to show how the AERONET data have meaningful
information for our study as well. These Level 2 size segregated daily averaged aerosol optical depth data also
used to calculate the standard deviation while obtaining the monthly averaged data by using Microsoft excel
math function. The percentage contribution of fine mode particles on total Aerosol optical depth is calculated

and total AOD is compared with RF.

RF data analysis

The sky radiance is measured along the solar principal plane (i.e., at constant azimuth angle, with varied
scattering angles) up to nine times a day and along the solar almucantar (i.e., at constant elevation angle, with
varied azimuth angles) up to six times a day. The approach is to acquire aureole and sky radiances observations
through a large range of scattering angles from the sun through a constant aerosol profile to retrieve size dis-
tribution, phase function and aerosol optical depth. Sky radiance measurements are inverted with the Dubovik
and Nakajima inversions to provide aerosol properties of size distribution and phase function over the particle
size range of 0.1 to 5 um. We retrieved Version 3, Level 2.0 data of radiative forcing, from inversion products
of AERONET site which assures high accuracy and quality-controlled data. Version 3 inversion description doc-
ument describes the input data sets, scalar to vector computations, and additional retrieval products including

sensitivity to input uncertainties.

Radiative Forcing (AF) at the BOA (Bottom of Atmosphere) and at the TOA
(Top of Atmosphere)

The study on the effect of atmospheric aerosols on the climate system is managed by AERONET by
computing the direct radiative forcing at the BOA (Bottom of Atmosphere) and at the TOA (Top of Atmosphere).
The aerosol radiative forcing strongly depends on the total aerosol extinction (AOD), the solar geometry and the

surface type. Solar geometry is especially critical in estimating the AF at the TOA, since a clear decrease of
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the AF absolute values has been documented as surface reflectivity increases, even changing the sign of the
radiative forcing. It is found that over dark surfaces atmospheric aerosols always cool the Earth-atmosphere
system, regardless of aerosol type [20, 21]. But, over the brightest surfaces, the total radiative effect depends on
the aerosol absorption properties and on the SR values. It means a consistent comparison of the net aerosol effect

requires the analysis for two ranges of surface reflectivity: SR < 30% and SR > 30%.

3. Results and Discussion
Contribution of Fine and coarse mode particles on AOD

The fractional contribution of Fine mode on AOD is shown in Figure 1. The fine mode particle contribution
over all AOD is over seventy percentage in all months with the maximum, ninety-four percent, on November and
February with minimum on July, seventy-nine percent. Particle size distribution is one of the most important
parameters for characterizing the aerosol particles in the atmosphere. Seinfeld (1998) reports that the size dis-
tribution of particles in the atmosphere strongly indicates for the sources of aerosols. The coarse mode particles,
diameters greater than 1 micrometer, are mainly produced by mechanical processes and injected into the at-
mosphere directly from anthropogenic and natural processes. On the other hand, fine mode particles, diameters
smaller than 1 micrometer, are the particulate matters which are injected into the atmosphere through the process
of combustion of wood, oil, coal, gasoline and other fuels. Because of the nature of their sources fine particles
generally contain substantial amounts of organic material as well as soluble inorganics such as ammonium, nitrate
and sulfate [22].

As a result, it is not surprising to see that the fine mode fractional AOD, percentage contribution of
fine mode aerosols (Fig. 1) are strong in the months of pre-monsoon and post-monsoon seasons in comparison to
months of summer monsoon. The post monsoon season (Oct-Nov) begins with a slow withdrawal of the monsoon.
This retreat leads to an almost complete disappearance of moist air by October and resumes cool, clear, and dry
weather. The summer monsoon, a strong flow of moist air from the southwest, follows the pre-monsoon period,
which changes the particle composition and increases water contents in the atmosphere. Previous study shows
that Pokhara has a significant Elemental Carbon contributed by biomass burning and fossil fuel combustion [3].
This shows that the concentration of fine mode particles stays abundantly in atmosphere for a long time and
are significantly important for the attenuation of solar radiation over the Pokhara during the pre-monsoon and
post-monsoon season in comparison to rainy season.

Fig. 2 shows that the aerosol impact on solar radiation elevated from post-monsoon season towards pre-
monsoon seasons. This period must be impacted by anthropogenic aerosols and in the summer time the overall
AOD decreases sharply and indicate for the impact of rainfall due to monsoon. The overall AOD in two months
July and August is only about 12% of total average AOD of months February to April. This shows intense aerosol

plumes in pre-monsoon period.
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Variation of Radiative forcing

The Table 1 shows the radiative forcing in the season where the attenuation of solar radiation by aerosols are
significantly high in comparison to other months. TOA forcing is found to be negative during all the months in
pre-monsoon season which indicates net cooling as shown in figure 3 (¢) and (d). The monthly mean TOA forcing
was found to be —23.225 +4.71 Wm ™2 in March, —28.958 +4.71 Wm ™2 in April and —19.616 £ 4.71 Wm ™2 in
May whereas surface forcing (BOA forcing) was found to positive with a maximum value of 111.18 427.63 Wm ™2
during April and a minimum of 56.224:27.63 Wm ™2 during May. The forcing efficiency was found to be maximum

—65.619 + 6.504 Wm ™2 in March indicating the abundant burning of biomass.
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Fig. 3(a) and Fig. 3(b) shows a net flux down and net flux up are positive in all the months of pre monsoon
season. The resultant atmospheric forcing is the absorption due to aerosols within the atmosphere and found to
be +267.57 Wim ™2 during April and +228.55 Wm ™2 during May indicating significant heating of the atmosphere.
The forcing efficiency (AF) at the surface was found to be —65.6, —52.7 and — 60.7 Wm ™2 during March, April
and May respectively as seen in Fig. 3(d). Large aerosol induced negative surface forcing during pre-monsoon
season is due to the mixing of anthropogenic aerosol pollution with transported natural dusts [23]. Figs. 4, 5
and 6 shows the daily variation of flux down, flux up and radiative forcing respectively at BOA and TOA. They
reveal the significant variation of radiation pre and post monsoon days but it is almost washed out due to heavy

precipitation during monsoon period.
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Figure 4. Daily variation of flux down at the top of Figure 5. Daily variation of flux up at the top of
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atmosphere (BOA). atmosphere (BOA).

The variety of components of solar radiation at the top of atmosphere and bottom of atmosphere are given

in the Table 1 and graphs are presented in Figs. 3 to 7 [24]

Table 1. Variation of Radiative Forcing during Pre-Monsoon Period of 2017

Month of Flux Down Flux_Down Flux_Up Flux_Up Rad_Forcing Rad_Forcing Forcing Eff Forcing Eff Diffuse Diffuse

2017 (BOA)  (TOA) (BOA) (TOA)  (BOA) (TOA) (BOA)  (TOA) (BOA) (TOA)
MARCH 428.96 669.79 58.32 127.06 78.63 -23.22 191.39 -65.62 1.86 159.42
APRIL  365.37 63295  53.12 13107 11119 -28.96 187.37 5274 1.68 167.96
MAY 420.35 648.90 61.86 122.60 56.23 -19.62 174.91 -60.74 1.83 149.92
STDV 34.49 18.48 4.39 4.24 27.63 4.71 8.60 6.50 0.10 9.02

Relationship between AOD and Radiative Forcing

The amount of cloud cover and duration of bright sunshine hour makes a difference in the amount of solar
irradiance. Fig. 7 shows the monthly variation of diffuse radiation (BOA) and AOD_500. It is seen that there is
an increasing trend in AOD with decreasing value of diffuse solar radiation. Diffuse solar radiation is found to be

more during winter than that of summer and consequently the value of AOD varied.
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4. Conclusions

Our finding based on the percentage contribution of fine mode aerosol particles on total AOD data suggests
that using total AOD as a single predictor will not give a clear picture of aerosol components of the atmosphere.
AOD weighs all types of aerosol components equally and does not consider the impact of size segregated particle
composition. Presenting the contribution of different size of particles on overall AOD will indicate for the aerosol
sources and origin of air particulate matter over the atmosphere. During the transition months (AprilMay and
SeptemberNovember) the aerosol patterns are dominated by fine particles, however in summer months the pattern
is the hybrid mix of the two sizes of particles. Along with climatic and weather impacts, aerosol also leads to
negative effects on public health and ecosystem. The study of contribution of aerosol on overall radiative forcing
in this paper formulates the fundamental reasons for resulting the climate change from human induced changes
in atmospheric composition. The results also suggest for the importance of further study by comparing aerosol
chemical composition and size segregated aerosol particles for identifying the origin aerosol particles over Pokhara.
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