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Abstract
Air pollution has become one of the most significant threats to the well-being of humanity
and the environment in many developing countries, including the Himalayan nation of Nepal.
The use of both stationary and mobile instrumentation platforms for environmental and
atmospheric research has witnessed a significant growth globally in the last two decades.
In this review, we explore the current status of air quality monitoring infrastructure as well
as a future scope of using new platforms using low-cost air sensors for pollution mapping
in Nepal. While large-scale regional dynamics of air pollution in the country have been
previously studied using both experimental and modeling-based approaches, usability of
low-cost instrumentation platforms in Nepal have not been explored by past studies. From the
retrospective discussions regarding the past studies, we discuss here the data needs that can be
fulfilled with low-cost measurements using land-based, automotive, aerial and satellite-based
platforms. The importance of hyper-local air quality monitoring is highlighted in the context
of Nepal, followed by the identification of recent advancements in sensor technologies,
available facilities and infrastructure in Nepal.
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1. Introduction
Ambient air pollution is a collective term which com-
prises of several individual pollutants such as ultrafine,
fine and coarse particulate matter (PM1, PM2.5 and
PM10, respectively), oxides of sulfur (SOx), oxides of
nitrogen (NOx), ground-level ozone (O3), carbonaceous
gases (CO, CO2), volatile organic compounds (VOCs),lead (Pb), inorganic trace gases (NH3, HCl, HNO3),
black carbon (BC) in elemental and/or organic form
(EC and OC, respectively), formaldehyde (HCHO), ben-
zene (C6H6), etc. Along with these major air pollutants,
various other mixtures of chemical, biological and radi-
ological agents may also contaminate ambient air that
can produce undesirable health effects in living beings
including humans. The smaller PM particles are con-
sidered more dangerous when inhaled because they can
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penetrate into the deeper parts of human lungs which
eventually results in an increased severity of respiratory
health effects[1]. SOx is a collective term used to refer
to a mixture of individual oxides of surfur such as sulfur
dioxide (SO2), sulfur trioxide (SO3) and other oxides of
sulfur. Similarly, NOx is a collective term referring to a
mixture of nitrogen dioxide (NO2) together with nitro-
gen trioxide (NO3) and other oxides of nitrogen. There
is a plethora of data available on both the health effects
and climatic impacts of air pollution available in the sci-
entific literature, most of which were published within
the last century, particularly within the last three decades
[1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16].
Ambient or outdoor air pollution is recognized by the
World Health Organization (WHO) as the leading cause
for 4.2 million deaths worldwide. Air pollution has
been attributed to health problems in humans including
chronic and acute respiratory diseases, heart disease,
stroke, and lung cancer. While almost all (99%) of the
global population breath air that exceed the WHO guide-
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line limits, people living in low- and middle- income
countries are exposed to the highest levels of air pollu-
tion [2].
Nepal is a developing South-Asian nation stretching
along the himalayan range, and is nestled between the
two most populous countries of the world: India and
China. India and China are also the two nations produc-
ing nearly 37% of the global emission of CO2 through
combustion of fossil fuel and industrial processes[3]. Al-
though not being a heavily industrialized nation, a total
of 8.9 Tg of CO2, 110 Gg of CH4, 2.1 Gg of N2O, 64 Gg
of NOx, 1714 Gg of CO, 407 Gg of non-methanogenic
VOCs (NMVOCs), 195 Gg of PM2.5, 23 Gg of BC, 83
Gg of OC and 24 Gg of SO2 emissions were estimated
to have been produced in Nepal in 2011[4]. The Cli-
mate and Health Country Profile of 2015 by the WHO
reported that with a population of roughly 28 million
and a population growth rate of 1.2% but with a GDP
per capita of 692 USD, Nepal is also one of the most
vulnerable nations facing the dire impacts of both do-
mestic and regional air pollution, and global climate
change [5]. The same WHO report also highlighted
the Government of Nepal-reported values of spring and
winter season mean ambient PM2.5 concentrations of
over 70 and 80 µg/m3, respectively. For reference, the
WHO annual mean PM2.5 guideline value is 10 µg/m3.
In addition, the report also highlighted that over 91%
of rural and 29% of urban population in Nepal rely on
solid fuels for cooking, creating dangerous levels of
greenhouse gases and hazardous air pollutants, leading
to roughly 54,900 total deaths attributable to household
air pollution, based on 2012 data.
1.1. Population distribution by

geography
More than 75% of Nepal’s surface area consists of
rugged mountainous terrain[6]. The location of urban
cities within Nepal like Kathmandu, Pokhara, Hetauda,
Gorkha and Ilam are located within or around valleys
and basins surrounded by tall mountains. Other major
cities of Nepal include Birtamod, Jhapa, Damak, Itahari,
Biratnagar, Dharan, Janakpur, Birgunj, Butwal, Bharat-
pur, Nepalgunj, Dhangadi etc. are all located along the
southern Terai belt of the country bordering with India,
which South of the Himalayan foothills, and is primarily
is plain in topography. The remainder of the smaller ur-
ban, semi-urban and rural populations live spread out in
the hilly and mountainous terrain of the country. Figure
1 illustrates the population distribution of the country
across the different districts. The three districts of Kath-
mandu, Bhaktapur and Lalitpur that are located within
the Kathmandu Valley alone contain roughly 10% of
Nepal’s population[7]. With a population growth rate
of 4.2%, Kathmandu Valley’s population is projected to

exceed 5,740,000 by 2031[8]. Given the uneven distri-
bution of population across the country, the generation
of air pollution and the impacts of air pollution on pub-
lic health and environment can also be expected to vary
significantly across the country based on the density
of population and the level of air pollution generating
human activities.
1.2. Atmospheric pollution trends
Geographies similar to that of the Kathmandu Valley
with the majority of the urban population living within
densely populated urban Valleys and basins surrounded
by high mountains, generally tend to suffer from poor
air quality conditions triggered by even low levels of
air pollution generation activities and events [9]. The
surrounding mountains act as physical barriers to hor-
izontal winds that can blow away locally emitted air
pollutants in those Valleys and basins. The air pollu-
tion dispersion patterns in such geographies become
highly dependent on the orientation of mountain passes
that define the local wind patterns and meteorology.
During the night time, the drop in the surface temper-
ature of the surrounding mountains cause the cooler
and heavier air masses to congregate close to the Val-
ley surface, thus trapping and concentrating air pollu-
tants in the lower atmospheric layers[17]. Severe air
pollution events are often reported in big cities like
Kathmandu and Pokhara during atmospheric inversion
events and periods of higher long-distance transport of
regional air pollutants from the surrounding countries
and regions[18, 19]. The geospatial features of the Kath-
mandu Valley and its associated wind patterns result
in noticeable elevation in pre-monsoon concentrations
of pollutants attributable to the tailpipe emissions from
poorly maintained gasoline and diesel powered vehicles,
biomass burning, and solvent/gasoline evaporation, and
often exceeding the World Health Organization 24h
guideline by factors up to 8.3[10].
While numerous past studies have focused on improv-
ing the general understanding of air pollution sources,
migration patterns and major factors that contribute in
improving or worsening of air pollution levels in the
Kathmandu Valley[9, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23],there are limited data available for
other urban and rural centers of the country. From the
limited available literature, it is known that in the city
of Pokhara, atmospheric aerosol concentrations as re-
flected by aerosol optical depth (AOD) has a strong
seasonal trend. One past study [24] has attempted to
profile vertical distribution of atmospheric pollution
in the Pokhara Valley. This study showed that the
pre-monsoon season AOD values were significantly
higher (AOD500 nm>0.6) compared to the monsoon sea-
son (AOD500 nm 0.2-0.3). The same study also showed
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(a) (b)
Figure 1: (a) Population of all 77 districts in Nepal as a percentage of the total population; and (b) Bar chart
comparing populations of the top ten populous districts of Nepal (Data Source: [7]).

that the vertical atmospheric profile of aerosol specis
showed decreasing concentration with altitude, with
near-surface BC concentrations of Pokhara Valley be-
ing much lower than that of Kathmandu Valley and
similar in range to the larger Indo-Gangetic Plain sites
such as in Kanpur, India. In the cities located along
the southern Terai plains of the country as well as the
Pokhara Valley, the air pollution concenrations are dom-
inated by nearby industrial emissions as well as regional
influx of air pollution from the northern states of India
along with the westerly wind patterns[24]. A study by
Rupakheti et al.[20]on the pre-monsoon air quality over
Lumbini region of Nepal showed that the 24 h average
PM2.5 and PM10 concentrations exceeded the WHO
guidelines very frequently (94 and 85%, respectively)
during the sampling period of 3 months (April-June
2013). Sand storms in the Thar Desert, agricultural fires
in the western part of the Indo-Gangetic Plain and forest
fires in the eastern part produce disgnificant amounts
of air pollutants that migrate over Nepal [21]. The re-
gional transport of air pollution from China, however,
is of lower significance in Nepal than the influx of air
pollution from India because of the geographical separa-
tion of the air pollution generation sources in China by
the thinly populated Tibetan Plateau. In fact, the west-
erly wind patterns drive the South Asian air pollutants
such as BC aerosols into the Tibetan Plateau through
mountain valley wind alleys instead of the other way
around [22, 23].
1.3. Major and minor sources of air

pollution
Historically, Nepal has not been a highly industrial-
ized nation. Industrialization began to significantly in-
crease in Nepal starting from the 1930s with the formu-
lation of the Nepal Companies Act and establishment of
government-owned industries with support from China
and the then USSR[24]. However, the industrial sector

now consumes over 10% of the national energy and is
considered a major emission source of air pollutants[25].
In the industrial sector, location of cement factories and
brick kilns close to urban settings and along the South-
ern Terai belt are also known to be the major sources
of air pollutants such as CO2, CO, SOx, NOx, PM2.5,
and several other HAPs. In 2014, the manufacturing
industries of Nepal accounted for 32.7% of the country’s
CO2 emissions[26].
Transportation sector is another major contributor to the
air pollution problem in Nepal. Transportation infras-
tructure rapidly increased in the country soon after the
first highway opened in 1957. In 1956, about 13,000
km of strategic road network, including highways and
feeder roads were constructed in the country[27]. How-
ever, more than 50% of the country’s road network is
still unpaved[28], which leads to significant emission of
fugitive dust (mostly PM10) due to vehicular movement
[29]. One study [30] showed that in Bhaktapur Mu-
nicipality alone that is located within the Kathmandu
Valley and occupies roughly 1/3rd of the Valley’s area,
the vehicular emissions accounted for 3,310 tons/year
of total air pollutants that included CO2, CO, NOx, HC,
and PM10. Among these, CO2 accounted for 94.36%
of the total emissions, followed by CO (4.39%), HC
(0.72%), NOx (0.35%), and PM10 only accounted for
0.18%. By comparison, the transportation sector in the
United States is responsible for over 55% of NOx emis-
sions, less than 10% of VOC emissions, and less than
10% of the PM2.5 and PM10 emissions [31]. The trans-
portation sector also contributes to the emission of a
number of other air toxics including benzene (C6H6),
formaldehyde (HCHO) and diesel particulate matter
(soot), known to cause cancer and other serious health
and environmental effects [31].
The increase in emissions from the industry and trans-
portation sectors in the country is particularly alarming.
A recent report showed that in the period of 2001 to
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2016, the total industrial emissions tripled and emission
from the transportation sector quadrupled [25].
Besides the industrial and transportation sectors, other
sources of significant air pollution in the country include
household and commercial cooking activities with the
biomass burning and liquified petroleum gas (LPG),
seasonal forest fires, and emission from coal powered
thermal power plants and industries [20, 32, 33, 34, 35].
Unlike other industrial nations like the United States,
China and European nations, private households con-
tribute to a much larger portion of the total energy con-
sumption (comprising of mostly biomass burning), and
is reposible for 58% of soot emissions [25]. Lack of
stringent legal action has also provided no strong bar-
rier against the general public burning household waste
in their backyards in both rural and urban settings. Open
household trash burning has been a major source of the
emission of various kinds of HAPs in the immediate
vicinity of residential settings throughout Nepal, and
contributes to global warming[36, 37, 38, 39, 40, 41, 42,
43, 44, 45, 46]. Domestic and industrial use of diesel
and gasoline generators as a result of grid power fail-
ures and scheduled power cuts also contribute to the
increasing air pollution in the urban population centers.
Agricultural crop residue burning, mostly in the rural
areas, lead to seasonal elevation of haze (PM2.5), BC,
and CO2 in the country’s atmosphere between October
and November of every year[21, 47]. Occasional disrup-
tions to the trash collection from the urban settings also
lead to significant emission of VOCs and biologically
active pathogens within the highly populated urban ar-
eas, often leading to soil and water contamination in
those areas.
1.4. Current situation
In the recent years, the air pollution problem of Nepal
has often put the country in the top most ranks of the
most polluted countries in the world. In March, 2020,
the State of Global Air Report placed Nepal as the 8th
most polluted country in the world with a PM2.5 annual
average concentration of 44.46 µg/m3[26]. One study
even recorded the high average daily PM2.5 concentra-
tions in the Kathmandu Valley of up to 160 µg/m3[27].
Nepal ranks as 178th out of the 180 countries listed
in Yale’s 2020 Environmental Performance Index [28].
One past study has reported that about 44%, 15%, 52%,
and 52% of the population in the Kathmandu are living
in areas of higher than 40 µg/m3 of NO2, SO2, PM10and PM2.5, respectively[16].
The significance of the degree of contribution from the
day-to-day air pollution generating activities in the ur-
ban centers of the country became clearly evident during
the multiple COVID-19 lockdowns faced by the country
during the year 2020. One study recorded that there

were statistically significant drops in PM2.5 concentra-
tions in six major cities of Nepal ranging from 26% to
81% [29].
Real-time monitoring of the various air pollutions of
concernt to the public health and environment is essen-
tial to be aware of the condition of the atmosphere and
its potential impact so that appropriate response strate-
gies can be formulated and enacted by the regulatory
agencies as well as the general public.

2. Environmental regulations and policies
governing the air quality

Environmental regulations are legislated by the Depart-
ment of Environment under the Ministry of Forest and
Environment for the Government of Nepal (GoN). Pri-
marily, the Environmental Act 1996 and Regulation
1997 govern the environmental regulations in Nepal. In
2011, GoN also introduced the National Climate Change
Policy. Vehicular emission regulations under the federal
jurisdiction are

• The National Transport Policy 2001,
• The Transport Management Act 2049, and
• Vehicles and Transport Management Rules 2054.

With respect to the industrial sector, the governing reg-
ulations pertaining to air pollutant emissions and envi-
ronmental sustainability are enforced through

• The Industrial Policy 2011,
• Foregin Direct Investment Policy 2015, and
• The Industrial Enterprises Act 2073.

With respect to the energy sector, the policies rele-
vant to environmental sustainability and air pollution
are

• The Hydropower Development Policy 2001
• The Rural Energy Policy 2006
• The Renewable Energy Subsidy Policy 2016

There are several other action plans and national pollu-
tion control strategies that are still in the drafting process
[8]. The issues and challenges regarding air pollution
control has been recognized by GoN, which has also
attempted to deal with the problem with several task
forces and technical committees such as

• The Task Force on Air Pollution Control in Kath-
mandu Valley, 2073

• High level committee on probing and solving the
issues on 20 year old vehicles through the Min-
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istry of Population and Environment (MOPE),
2058

• Committee on Implementation of the Order of
Supreme Court on Phase-out of 20 Year Old Ve-
hicles (MOLTM) 2058/59

• Committee on Review of Vehicle Emission Stan-
dard and Monitoring Mechanism (MOPE) 2060

• Technical Committee on the Relocation of Brick
Industries from Kathmandu Valley (MOICS)
2060

• The Air Quality Management Action Plan for
Kathmandu Valley

Among these, the Air Quality Management Action
Plan for Kathmandu Valley introduced by GoN in
2017 has laid out plans to establish an integrated air
quality management framework by establishing an air
quality mangement decision support system that in-
volves

• Air quality monitoring system,
• Emission inventories
• Use of air dispersion modeling
• Use of source apportionment studies
• Health, environmental and economic impact as-

sessment
• Developing and reviewing air quality standards,
• Developing, evaluating, and implementing con-

trol options
Despite a number of legislations and regulatory efforts
to curb air pollution in Nepal, most of the GoN efforts
seem to be centered around the Kathmandu Valley’s
air pollution problems alone. Also, the legislations are
not strictly enforced or are often blatantly neglected by
all sectors, often resulting in hazardous and severe air
pollution events several times a year.
Some drastic attemps have been made several times in
the past by regulators to curb air pollution, but these
drastic measures have also been focused mainly in the
Kathmandu Valley. In 1999, the government announced
the phasing out of the Indian imported diesel engine-run
three wheeler commuter transport known as ‘Vikram
Tempos’ in the Kathmandu Valley[48]. The phased out
Vikram Tempos were repurposed with the help of local
manufacturers by an American NGO called the Global
Resources to run using electric motors powered by deep-
cycle lead acid batteries and were named as ‘Safa Tem-
pos’. By the year 2000, the fleet of Safa Tempos running
in Nepal reached 600, and was identified as the largest

fleet of all electric commuter transport in the world [49].
Currently, very few of the Safa Tempos are sill running
in the Kathmandu Valley, ferrying people around the
city on a daily basis. However, poor government pol-
icy towards promoting electric commuter vehicles and
the transit cartels have to led to their rapid decline in
numbers[49]. Another example of a drastic government
effort to curb Kathmandu Valley’s air pollution was in
2002 with the decommissioning of Himal Cement Fac-
tory located in the outskirts of Kathmandu[25].
The impact of these drastic responses were measured
and reported by several studies and reports based on the
then available air monitoring infrastructure.

3. Air monitoring in Nepal
Many past studies mentioned in Sections 1 and 2 have
used air monitoring instrumentation as a one-time event,
but consistent and continuous use of air monitoring in-
strumentation and stations are limited in number and
scope. GoN started installing and operating ambient air
monitoring stations in Nepal since the early 90s using
high volume and medium volume samplers as campagin
monitoring. In 2002, the Ministry of Population and
Environment, with the support from the Danish Interna-
tional Development Agency, established six air monitor-
ing stations in Kathmandu Valley. These air monitoring
stations collected continuous data of PM10 and PM2.5but soon became dysfunctional in 2006[8]. By the end
of 2017, a total of 11 air monitoring stations were op-
erations throughout the country[30]. Since 2012, GoN
has also regulated the National Ambient Air Quality
Standards (NAAQS) for various air pollutants. Table
1 below lists the nine pollutants regulated by the GoN
NAAQS. However, not all the nine pollutants are moni-
tored by the 11 air monitoring stations spread through-
out the country. As a developing nation with one of
the world’s lowest GDP per capita, Nepal also suffers
from a lack of resources to consistently operate and
maintain many air monitoring stations and use many
laboratory facilities capable of high-end environmental
sample analysis capabilities. Even the operational air
monitoring infrastructure has questionable data reliabil-
ity, as the GoN-maintained website streaming the air
monitoring data[31] provides no information regarding
the instrumentation, calibration methods and schedules,
data accuracy and data completeness about any of the
publicly reported data. The NAAQS of Nepal are com-
parable to the NAAQS of the United States for the same
averaging time periods [50].
The air monitoring stations operated by GoN are illus-
trated, as shown in Figure 2, by the GoN Department
of Environment website [31]. The website currently
shows 26 air monitoring stations spread throughout the
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Table 1: National Ambient Air Quality Standards of different regulated pollutants in Nepal[30].

Pollutant Units Averaging Time Maximum Concentration Approved Detection Meth-
ods

TSP† µg/m³ 24-hour 230 High-volume sampling and
gravimetric analysis

PM10 µg/m³ 24-hour 120 High-volume sampling
and gravimetric analysis,
TEOM†*, Beta attenuation

PM2.5 µg/m³ 24-hour 40 PM2.5 sampling gravimetric
analysis

SO2 µg/m³ Annual 50 Ultraviolet fluorescence,
West and Gaeke Method

24-hour 70 Same as annual
NO2 µg/m³ Annual 40 Chemiluminescence

24-hour 80 Same as annual
CO µg/m³ 8-hour 10,000 Non-dispersive infrared

(NDIR) spectrophotometry
Pb µg/m³ Annual 0.5 High-volume sampling fol-

lowed by atomic absorption
spectrometry

C6H6 µg/m³ Annual 5 Gas chromatographic tech-
nique

O3 µg/m³ 8-hour 157 Ultraviolet spectrophotome-
try

† TSP = Total suspended particulates
†*TEOM=Tapered element oscillating microbalance

country, but only 12 of the stations show live stream-
ing data as of November 2021. In addition to the GoN
air monitors, air monitoring stations are also operated
and maintained by the US Embassy at two locations in
Kathmandu (Phora Durbar Recreation Center in Thamel
area, and US Embassy grounds at Lazimpat area) [51].

3.1. Limitations of the current air monitoring
infrastructure

Figure 2 illustrates the geo-spatially sparse nature of the
air monitoring site locations in Nepal. There are some
major limitations of such an air monitoring networks.
Each individual air monitoring location can sometimes
report extremely high values resulting from very lo-
calized events which may not be representative of the
general air quality of the region. A past study by Li et
al.[32] concluded that in may urban areas, more than
one or two measurement locations per km2 is essential
to quantify the air pollution spatial patterns with high
enough fidelity (such as <2 ppb NO2or <1 µg/m3 PM1).
The failure of some air monitoring stations in a sparesly
located air monitoring network will also obscure the
scenario of air pollution impacts within a certain region
which makes it hard for researchers and regulators to

forecast future trends that can be expected regarding the
air pollution temporal patterns. It is also very hard to
assess the number of people affected by a certain source
of air pollution such as a single stationary source such as
an industrial stack, or fugitive road dust emanating from
a single busy road due to vehicular movement.
3.2. Need for higher geo-spatial resolution

monitoring
As evident from Section 1.1, a huge portion of the
population living in the major cities may be subject
to hazardous levels of air pollution. Kathmandu Valley,
for example, has an estimated average population den-
sity of approximately 2800 individuals per km2 (2011
estimate)[8], majority of who live near to very busy and
under-maintained roads. Schools, offices and hospitals
are also often located right next to residential buildings
in major cities like Kathmandu. Other building types
besides the residential ones can also be expected to suf-
fer the same levels of exposure to air pollutants. The
degree of impact on their health due to both local and re-
gional air pollution cannot be reasonably quantified and
assessed without measurement of different air pollutants
at a high geo-spatial resolution, such as at the negihbor-
hood level. While large-scale atmospheric dynamics
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(a)

(b)
Figure 2: (a) Locations of air quality monitoring stations maintained by GoN throughout the country; and (b)
Locations of air quality monitoring stations within the Kathmandu Valley[31]. The pins in the maps are color-
coded according to the United States Environment Protection Agency-defined air quality index, and the white pins
represent air monitoring stations that are not streaming live data (Credit: GoN website sourcing the basemap from
© OpenStreetMap contributors). The numbers are just the identifiers for air monitor installation sites.

and advection of various air pollutants have been exten-
sively studied in the South Asian region, hyper-local
scale studies have hardly been conducted with reusable
and low-cost instrumentation in the urban settings of
Nepal. If air pollution data is available at such a hyper-
local geo-spatial scale, it can also guide future urban
planning efforts. Future research can also help to iden-
tify the human exposures to various air pollutants as a
result of the infiltration of outdoor air pollutants into
indoor built environments, if the spatial distribution pat-
terns of air pollutants can be mapped at a high enough
resolution.

More localized data availability can help address some
of these shortcomings of stationary air monitoring sta-
tions. However, an increase in the number of air moni-
toring locations also means a drastic increase in the as-
sociated resources and cost. Hence, a more distributed
air monitoring system capable of providing hyper-local
data at a neighborhood-scale resolution, should also be
low-cost and affordable.
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4. Low-cost sensors and citizen
science

Air monitoring stations maintained by government-level
regulatory agencies (often called “reference grade in-
struments”) are often very expensive, bulky, and re-
quire dedicated skilled operators for their timely main-
tainance and calibration. An example is the reference-
grade instrument suite used by an air monitoring sta-
tions maintained according to the European CSN EN
12341 Standards for standard gravimetric measurement
of PM10 and PM2.5 mass concentrations[52]. In the
United States, Federal Reference and Equivalence Meth-
ods are used as the “gold standard” for air pollution
monitoring and ensure data quality through standard-
ized instrumentation and calibration processes in ac-
cordance with the federal law of the United States (40
CFR § 53.1) that implements the U.S. Clean Air Act
requirement of monitoring six “criteria pollutants” (CO,
O2, SO2, NO2, Pb and PM)[53]. The typical cost for
each individual reference monitor used by the US EPA
is between $15,000 to $40,000 (USD)[54].
Emerging low-cost sensor technologies can provide a
promising alternative solution to the need of a high
number of real-time air monitors at a reasonable cost for
hyper-local air monitoring. Hundreds of brands of low-
cost air quality sensors (<300 USD) are now available
in the market which have been used in many countries
to improve the spatial granularity of collected data and
supplement the network of reference monitors main-
tained by regulatory agencies[55, 56, 57, 58, 59, 60, 61,
62, 63, 64][65, 66, 67, 68, 69, 70, 71, 72, 73, 74]. In-
ternet of things (IoT) architecture is often utilized to
collectively assess various types of air pollutants using
a distributed network of low-cost sensors (LCS) that
are either fixed at a certain location, or are used in mo-
bile platforms. The US EPA has even developed an
Air Sensor Guidebook to help those interested in using
LCS for air quality measurements[75]. The use of LCS
also enables the general public without high degree of
technical knowledge and skills to engage in air quality
monitoring and reporting activities. Such involvement
of the general public is commonly known as citizen sci-
ence. As an encouragement to the general public to get
more involved, the United States government has even
maintained an official website [76] “designed to acceler-
ate the use of crowdsourcing and citizen science across
the U.S. government”. Other public-private partnership
such as the Citizen Weather Observer Program[77], and
other citizen science associations and groups are gain-
ing momentum in almost all the continents around the
globe[78, 79, 80, 81, 82, 83].
The LCS can consist of various types of sensor tech-
nologies to monitor different types of pollutants. Gen-

erally, electrochemical sensors and metal oxide sensors
are used for the measurement of various gaseous air
pollutants such as CO, O2, SO2 and NO2. The elec-
trochemical sensors may have temperature and humid-
ity senstivity along with cross-sensitivities with other
gaseous compounds, but require low power to operate.
On the other hand, metal oxide sensors generally con-
sume higher power due to the need to heat the sensor
element up to 200 to 500 °C to increase its sensitiv-
ity to the measurand gas and the response time. Metal
oxide sensors also have low humidity sensitivity, but
may still show cross-sensitivities with other compounds
present in the measurement environment, just like the
electrochemical sensors [54]. For PM concentration
measurements, optical sensors using light scattering is
commonly used by LCS[63].
Besides the valuable advantage that the LCS add to the
air monitoring capabilities of towns and cities, they do
suffer from certain inherent limitations as well. LCS
can report values that are unstable and may often show
cross-sensitivities to interfering compounds and environ-
mental conditions with are installation site-dependent.
In general, the performance characterization and evalu-
ation of the LCS are performed through “collocation”
method, which means the LCS are placed in close prox-
imity to reference grade monitors and their data are
simultaneously collected and later compared[84]. For
their general usability to monitor local air quality, LCS
being used need to show a good level of agreement with
the reference grade air montors with a coefficient of
determination (R2) > 0.75 and a slope close to 1.0[63].
Besides continuous air monitoring, passive sampling
techniques can also be used as low-cost methods to
quantify time-weighted average values of different air
pollutants such as NOx, SOx, O3, ammonia, formalde-
hyde, hydrogen cyanide, elemental mercury, benzene,
toluene, xylenes, ethylbenzenes, and many other VOCs
and semi-volatile organic compounds (SVOCs)[85, 86,
87, 88, 89, 90, 91, 92]. Air sampling using such passive
samplers use a sorbent-laden sampling media that is
exposed to the air to be analyzed for a specified period
of time. Deployment of such samplers can be done for
several days to several months at a time. Evacuated can-
isters and bags can also be used to collect samples of air.
The passive samplers or canisters containing collected
air samples are then taken to a laboratory and analyzed
using standardized analysis methods such as the US EPA
Methods TO-15 [93], TO-11A [94], TO-13A [95], TO-
17[96],etc. based on what compounds are of interest for
analysis. Passive samplers have been used in numerous
past studies since the 1970s and are known to yield re-
sults equivalent to other established methods for many
VOCs and other pollutants[85]. The advantage of the
passive sampling technique is its simplicity and low cost
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associated with sample collection. However, once the
samples have been collected, sample handling must be
done with extreme care, conforming to the temperature,
humidity and storage time requirements that are unique
to each type of sample collected. Also, an infrastructure
of analytical laboratories capable of providing standard-
ized analytical services should be available along with
a fast enough transportation and courier service so that
samples can be properly and accurately analyzed within
the time frame required by the analytical methods, de-
pending on the compounds being analyzed. Although
in limited numbers and capabilities, some commercial
laboratories are emerging in Nepal that are capable of
providing some analytical services for environmental
samples, including air samples[97, 98, 99, 100].

5. Mobile platforms for air pollution
monitoring

5.1. Aircraft
The fundamental challenge for satellite-based measure-
ment is to identify the near-surface concentrations of
various air pollutant species accurately, and isolate these
near-surface concentrations from the remainder of the
measurements. The near-surface concentrations of air
pollutants are of greater importance since they are di-
rectly inhaled by the people and vegetation, and has
a direct impact on their health. Aircrafts are capable
of taking real-time measurements at various altitudes
and can fulfill the gap in measurement capabilities that
satellites cannot easily provide.
Aircraft platforms have been used for conducting atmo-
spheric measurements since the 1940s, starting from
the British Royal Air Force aerial missions to better
understand the occurrence of contrails behind flying
airplans [101]. Numerous stratospheric missions were
executed through aircraft measurements between 1985
and 2000, such as through NASA’s ER-2 aircraft to mea-
sure very reactive free radicals responsible for strato-
spheric ozone hole creation over Antarctica. Other ex-
amples of NASA’s use of an aerial platform for an in-
depth atmospheric measurement is the DC-8 aircraft
used for the ATom mission, the P-3B four-engine tur-
boprop research aircraft, and the smaller two-engine
UC-12 aircraft [101]. These aircrafts have capabilities
of measuring O3 and PM (including soot), NO2 and
HCHO. Similar to NASA, NOAA utilizes the NOAA
WP-3D and the NOAA Twin Otter aircrafts for field
campaigns of making atmospheric measurements, some
of the campaigns being focused on characterising air pol-
lutants emanating from wildfires [102]. A more recent
example of aircraft-based air monitoring instrumenta-
tion use is a study utilizing aircraft measurements of
physicochemical evolution of atmospheric aerosols in

air pollution plumes over a megacity and suburban areas
[103]. Similar efforts of aerosol and chemical charac-
terization of the long-range air pollution plumes arising
from Southeast Asia, India and China were conducted
over the upper troposphere of Europe using the DLR
Falcon research aircraft in 2006[104]. Numerous other
studies have utilized aircrafts as instrumentation plat-
forms to gather atmospheric pollution data for individual
research campaigns[105, 106, 107, 108, 109, 110, 111,
112, 113, 114, 115].The only past study of its kind us-
ing an aircraft-mounted instrumentation was done in
the Pokhara Valley by the researchers from the Inter-
national Centre for Integrated Mountain Development
(ICIMOD)[116]. In this study, vertical atmospheric
profiling were done for aerosol number and size dis-
tribution (0.3-2 µm), total particle concentration (>14
nm), aerosol adsorption (370-950 nm), black carbon
(BC), and meterological variables using instrumentation
mounted onboard an ultralight IKARUS-C42 aircraft.
This study has demonstrated that aircraft-based mea-
surements are viable as well as important for gaining
more insights about atmospheric pollution dispersion
patterns over the skies of Nepal.
Aircrafts do offer high payload capacities and provide
unique perspectives into many layers of the atmosphere
with direct in-situ measurements. However, the major
limitation of aircraft-based instrumentation is that the
air monitoring campaigns are better suited for one-off
research activities due to their high cost and complicated
logistics to coordinate with the local air traffic control
systems. An alternative approach is to use passenger
aircrafts themselves as data gathering platforms. In
Europe, an international non-profit association (IAGOS-
AISBL) have initiated a system of using air monitoring
instrumentation onboard commercial aircraft traveling
around the globe to create and maintain databases of
atmospheric meteorological and air quality mointoring
and forecasting [117]. Similar efforts integrated with
smaller and lighter domestic airliners within Nepal can
definitely provide alternative and enhanced capabili-
ties to collect and analyze more meaningful data from
Nepal’s atmosphere.
5.2. Drones and UAVs
Remotely piloted aircraft, drones and Unmanned Aerial
Vehicles (UAV) – also referred to as Unmanned Aerial
Systems (UAS) are increasingly being considered in the
recent decades as aerial platforms for remote sensing
payloads and generating hyper-local maps of air pollu-
tion dispersion. UAV systems overcome the limitations
of cost and complexity associated with manned aircrafts
and offer greater versatality, flexibility, and can be de-
ployed with minimal planning and scheduling. UAVs
have been used by numerous past studies to investigate
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a plethora of air pollutants [118, 119, 120, 121, 122,
123, 124, 125, 126, 127, 128][129, 130, 131, 132, 133,
134, 135, 136, 137, 138, 139, 140][141, 142, 143, 144].
They can fly at low altitudes, slowly, with the ability
of acquiring high spatio-temporal resolution data from
often hazardous environments without endangering the
safety of people operating the UAV or people on the
ground[57]. There are several variants of UAVs that
can be utilized for the purpose of air quality monitor-
ing, such as fixed wing drones and Vertical Take-Off
and Landing (VTOL) drones (these include rotorcraft
such as quadcopters, hexacopters, octacopters, and heli-
copters). Depending on the size, weight and the technol-
ogy used, the flight time and horizontal travel distance
of these platforms can vary greatly, between a few min-
utes to several hours. Each type of configuration and
design (fixed wing/VTOL) has its own benefits and lim-
itations.
Villa et al.[142] has shown various applications of UAVs
for the environmental monitoring which entails for both
low and high implementation cost. These UAVs are
deployable with multi-objective missions to implement
monitoring of time and space in high resolution and
low cost. From indoor monitoring of CO2 with cam-
era mounted on UAV to recognize source of the gas
autonomously[145] to a lightweight laser-based sensors
for the measurement of traces of gas species[146], UAVs
promises effective and flexible solutions for implementa-
tion of environmental monitoring systems. These UAS
often entails a high implementation cost with added
features such as a highly sophisticated data processing
systems and autonomous capabilities[147, 148].
The fixed wing configuration is easy to construct and
can carry remote sensing instrumentation payloads to
longer distances with lower energy consumption. How-
ever, VTOL configurations with hovering capabilities
can position themselves in any desired point in a three-
dimensional space, enabling the researchers to collect
the desired data from a desired location.
Maintaining a scheduled operation system of drones
can definitely supplement ground-based air monitoring
systems. The hyper-local data gathering capability of
the UAVs can not only filfill the data gaps between the
physically distant air monitoring stations on the ground,
but also provide information on the variation of the con-
centration of different air pollutants at various altitudes
as well as horizontal distances from major roads[149].
The use of drones in Nepal is currently limited to tourism
and commercial videography applications. However,
the Civil Aviation Authority of Nepal has recently
developed regulations for operating UAVs that also
apply towards the drones being used for scientific
research[150].

5.3. Sounding balloons
Stratospheric balloon systems (often called ‘weather
balloons’ or ‘sounding balloons’) and airships are also
used for gathering atmospheric data for scientific re-
search. They use lighter-than-air gas trapped within an
enclosure such that the buoyancy genrated by the dif-
ference of densities between the enclosed gas and the
surrounding air provides the necessary lift. Capable of
long duration flights (excess of 50 days), and reaching
altitudes of over 100,000 ft (30,480 m), these systems
are often used to study high-altitude stratospheric phe-
nomena rather than low-altitude air pollution advection.
Use of balloons also has a major limitation of being able
to precisely control their flight path in the desired direc-
tion at a desired speed, and they can hardly hover at a
precise location for an extended period of time. The bal-
loons are also very sensitive to even mild levels of winds.
Hence, while the balloons have found their applications
in numerous other types of scientific research, they may
not be a good alternative for hyper-local air pollution
mapping at lower altitudes. However, the upper air data
provided by such balloons can help modelers define con-
ditions to accurately model dispersion of atmospheric
pollutants over long distance[151].
5.4. Sounding rockets
Sounding rockets or rocketsonde, are smaller suborbital
rockets that are designed to carry research instrumen-
tation to the altitudes of 48 to 145 km above the sur-
face of the earth, an altitude range between those of the
weather balloons. NASA has developed and sponsored
such rockets for reseach activities since 1959 and has de-
veloped the NASA Sounding Rocket Program (NSRP)
as a low-cost solution to provide up to 20 flight opportu-
nities per year to launch various instruments[152]. The
European Space Agency, Canada, Japan, China, Russia
and many other space agencies have also used sound-
ing rockets for conducting various research activities
and have deemed sounding rockets being suitable to
study atmospheric parameters including air pollution
transport physics[153, 154, 155, 156, 157, 158, 159].
Similar to the sounding balloons, sounding rockets are
also better suited for higher altitude atmospheric and
space-related research and may not be widely applicable
to lower altitude air monitoring use.
In the context of Nepal, the development of sound-
ing rockets is still at its infancy. However, one team
has recently initiated the development of sounding
rocket[160], opening the path to further experimental
development of the sounding rocket technology with
potential application into environmental monitoring ap-
plications.
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5.5. Satellite platforms
Satellite instrumentation and observation platforms
have been used all over the world, including Nepal, to
track the generation and movement of air pollutants. Ma-
hapatra et al.[17] studied columnar aerosol loading trend
of the Kathmandu Valley using satellite-derived AOD
from Moderate Resolution Imaging Spectroradiome-
ter (MODIS) onboard the Aqua and Terra (3 × 3 km,
Level 2) observations in tandem with Cloud-Aerosol
LiDAR and Infrared Pathfinder Satellite Observation
(CALIPSO). Satellite imagery was used by Dhungel
et al.[161] to study the transport of regional-scale pol-
lutant advection through a trans-Himalayan Valley in
Nepal. Several other studies have also used satellite data
to analyze air pollution transport dynamics at a regional
scale in and around Nepal[23, 32, 162, 163, 164] . The
United States National Aeronautics and Space Adminis-
tration (NASA) maintains the open-access Earth Obser-
vation Data [165], and the National Oceanic and Atmo-
spheric Administration (NOAA) maintains the NOAA
STAR program [166] for air quality remote sensing,
that are also usable for analalysis by the general global
public. NOAA STAR is science arm of the National
Environmental Satellite, Data, and Information Service
(NESDIS) through which NOAA uses the Geostationary
Satellite Server (GOES) satellites, the STAR Joint Polar
Satellite System (JPSS) and many other satellite plat-
forms to generate data products including the infrared
and visible spectrums of earth imaging together with
water vapor generation and movement tracing. Aerosol
and cloud detection can be performed using artificial
neural networks and machine learning algorithms using
such space-based Lidar data[167], which is also appli-
cable in the context of Nepal.
While satellite-based instrumentation platforms use
have been attempted and even successfully used at var-
ious instances to provide more localized higher spa-
tial resolution insights related to air pollution in vari-
ous cities around the world, near-surface measurement
still outweigh the satellite-based measurements in many
respects[168]. Satellites, however, can act as a fast and
efficient route for data transfer from several monitoring
locations, often dispersed into very remote locations,
to one or more central locations where the data can be
collected and analyzed real time.
Besides the high-end satellite instrumentation and im-
agery/observation platforms, recent developments in the
satellite technology since the late 1990s and early 2000s
are also paving a path to use very small satellites such
as CubeSats, NanoSats and PicoSats for various kinds
of data transfer. The basic design of a CubeSat is a 10-
centimeter cube with a mass of less than 1.33 kg which
can be utilized as earth observing systems. As of mid-
2018, more than 2,100 CubeSats have been launched

into low-earth orbit [169]. NanoSats or nanosatellites
range between 1 to 10 kg, PicoSats or picosatellites
weigh between 0.1 to 1 kg (5 cm cube), and FemtoSats
or femtosatellites weigh less than 100 g. Other variants
such as PocketQubes, TubeSat, and SunCubes are also
emerging as a new generation of miniature satellite tech-
nologies [170]. Such miniature satellites are easier and
cheaper to launch into space, and can form a constella-
tion of communication nodes in-orbit [171], even if they
may not be large enough to hold sophisticated instru-
mentation necessary for remote sensing and earth ob-
servation for air pollution mapping applications. With
the launch of Nepal’s first CubeSat called ‘NepaliSat-1’
into space on 17 April 2019[172], an important pathway
of space technology has definitely opened up for using
smaller satellite platforms for at least data transmission
related to air pollution mapping of the atmosphere over
Nepal.
5.6. Vehicle-mounted mobile air monitoring

platforms
Hyper-local air pollution mapping can also be done by
mounting air monitoring instrumentation aborad the
road vehicles as well. A study published in 2017 uti-
lized Google Street View cars to generate daytime NO,
NO2, and BC data with a resolution of a city block (30
m) in an urban location of Oakland, California in the US
[173]. Similar studies have been conducted in Hamil-
ton, Ontario, Canada [174]; Cambridge, Massachusetts,
US[175]; Seattle, Washington, US[176], and Antwerp,
Belgium [177] among many others. While presenting a
promising solution to creating very high-resolution pol-
lution maps of cities and towns, there are a couple of in-
herent concerns for using the technique of mounting air
monitoring sensors directly on vehicles driving around
on the streets. First, there is a potential of skewness in
data being introduced by traffic patterns. For example,
the monitoring vehicle constantly trailing the same high-
emitting vehicle for prolonged periods of time. The data
can also only be representative of the streets on which
the monitoring vehicle is operated on, and there will
be no data available for other elevations than the street
height. Sensor calibration process and self-emission
interference can also pose significant challenges if the
monitoring vehicle itsef has a tailpipe emission. Despite
these challenges, mobile platforms such as electric cars,
buses and trains can still provide valuable real-time data
that can be very informative to the regulatory agencies
as well as the general public. Such all-electric options
are not yet available in Nepal. However, smaller and
light-weight low-cost sensors can definitely be a mo-
bile air monitoring option for bicyclists in the urban
streets.
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6. Discussions
Upon reviewing numerous past research work and the
existing air monitoring infrastructure of Nepal, it can
be said that there is a massive room for improvement in
the air monitoring capabilities in Nepal. Air pollution
monitoring not only helps regulators set environmental
regulations and policies, but is essential for the greater
good of the public health and environment. Knowing
the rapidly changing conditions of air pollution disper-
sion both at larger regional scales as well as smaller
hyper-local scales will enable the general public to stay
aware about the potential health hazards as well as poten-
tial mitigation measures to protect themselves. A better,
more prominent environmental protection mechanism
similar to the Clean Air Act in the US, and strict enforce-
ment of such regulations is an urgent need for Nepal,
given the dire ambient concentrations of air pollutants,
such as PM2.5 and O3. Air monitoring is also essential
near landfill sites and hospital waste incineration sites to
track the movement of HAPs to the surrounding areas,
but such monitoring activities are non-existent in Nepal.
Also, the emergence of some advanced laboratory fa-
cilities capable of providing analytical services such as
biological and chemical speciation and quantification
of pollutant concentrations in air is also providing new
opportunities for the use of passive sampling techniques.
Meanwhile, improvement on the current air monitoring
mechanisms and supplementing the existing regulatory
air monitoring system with the help of citizen science
backed by a distributed low-cost instrumentation system
(both stationary and mobile) will only help to increase
the public awareness and potentially encourage the reg-
ulatory agencies as well as general public to act more
on their part for the betterment of the air quality in
Nepal.
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