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A B S T R A C T

An upsurge in the pollution level in areas with a high concentration of brick and cement factories in Nepal is 
concerning. Nitrogen dioxide (NO2), a key air quality indicator, can be effectively monitored from space. This 
study utilizes high-resolution satellite observations of NO2 from the TROPOspheric Monitoring Instrument 
(TROPOMI). It examines the NO2 distribution over areas with emerging sources of nitrogen oxides from brick and 
cement factories from 2018 to 2021. Rapid growth of brick and cement factories has turned the Lumbini-Butwal- 
Palpa corridor, in Midwest Nepal, more polluted than the capital city Kathmandu. Between 2019 and 2021, NO2 
levels in this corridor rose considerably, while it remained steady in the Kathmandu Valley. TROPOMI-derived 
NO2 levels and inferred NOx emissions over the corridor nearly doubled in the span of three years. Conversely, 
Kathmandu Valley exhibited no significant changes except in 2020 when NO2 and NOx levels declined. This drop 
coincided with COVID-19-related travel restrictions and other reduced activities. NO2 pollution recorded by the 
Ozone Monitoring Instrument (OMI) from 2005 to 2019 shows an annual NO2 increase of ~3.5 % over both 
regions. A comparison between NOx emissions from the 2018 EDGAR inventory and TROPOMI-derived estimates 
for 2019 reveal comparable values over the Lumbini-Butwal-Palpa corridor but around 35 % higher estimates 
over Kathmandu. This discrepancy over the capital city, as well as the rapid rise in emissions over the Lumbini- 
Butwal-Palpa corridor due to a large-scale development of cement and brick industries, highlights the need for 
timely updates in bottom-up emission inventory.

Plain summary

Satellite-based air quality sensors can monitor pollution sources and 
their emission strengths worldwide, complementing ground-based ob-
servations. Detection of emissions is easier for short-lived pollutants, 
such as nitrogen dioxide (NO2), due to enhanced concentrations around 
nearby sources. In this study, we use tropospheric NO2 column 

observations made by the TROPOspheric Monitoring Instrument 
(TROPOMI) on the Sentinel-5 Precursor satellite over Nepal to charac-
terize spatial and temporal variation with a focus over two highly 
polluted areas. NO2 enhancement over the capital city of Kathmandu 
aligns with emissions from transportation and industrial sectors as 
observed in the bottom-up emission inventory. The highly resolved 
TROPOMI NO2 observations reveal significant and growing NO2 
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hotspots in rural and sparsely populated regions that align with the lo-
cations of various cement industries, brick kilns, and limestone mines. 
Most notably, the largest NO2 concentration has been found above the 
Hongshi Shivam Cement industry and limestone mining areas. Our es-
timates of NOx emissions for 2019–2021 using TROPOMI NO2 obser-
vations and their comparison with bottom-up emissions from the 
EDGAR inventory for 2018 suggest comparable values over the Lumbini- 
Butwal-Palpa corridor but around 35 % higher estimates over 
Kathmandu.

1. Introduction

Over the last two decades, Nepal has been experiencing significant 
economic growth, domestic migration, urbanization, and industrializa-
tion (Ishtiaque et al., 2017; Rimal et al., 2018, 2020). With the excessive 
urbanization and the aftermath of the 2015 earthquake that damaged a 
quarter of a million buildings (Bothara et al., 2016), the demand for 
cement, bricks, and other construction materials has increased consid-
erably. To meet these demands, there are currently ~1700 brick kilns 
producing ~5 billion units of bricks annually (Eil et al., 2020) and ~120 
cement factories producing ~14 million metric tons of cement each year 
(Neupane et al., 2019). These phenomenal growths in the production of 
construction materials, combined with insufficient regulations typical of 
a developing country, exacerbate pollution levels in Nepal’s major 
metropolitan cities (Bhattarai and Conway, 2021). The uncoordinated 
land use and land cover changes due to urbanization and a surge in the 
number of vehicles have led to a rise in air pollution levels, causing a 
range of health issues that has negatively impacted the nation’s econ-
omy (Thapa et al., 2008). It is predicted that the demand for these 
construction materials could see a four-fold increase in the near future 
(Eil et al., 2020), which could further deteriorate air quality issues in the 
country.

Ambient air pollution is a leading risk factor, as more than 96 % of 
the global population in large cities are exposed to fine particulate 
matter (PM2.5)levels which are above the warning level by the World 
Health Organization’s (WHO) air quality standards (Krzyzanowski et al., 
2014). While air quality impacts the global population, extreme air 
pollutant burdens are highest in cities in developing countries (Kumar 
et al., 2022). For instance, according to the United Nations Environment 
Programme (UNEP), the annual mean exposure of each individual in 
Nepal to fine particulate matter (PM2.5) is 83 μg/m3, which is about 16.6 
times higher than the WHO set standard guideline value. This high level 
of exposure to particulate pollutants leads to an estimated 59 deaths per 
100,000 people (UNEP, 2021). Despite the risks, air quality monitoring 
programs in many of the developing countries, including Nepal, are 
mostly limited to measuring particulate matter (Wei et al., 2022). 
Inadequate ground-based monitoring stations present challenges to 
measure PM2.5 and suggest mitigation approaches of existing air pollu-
tion in the country (Gurung and Bell, 2012).

Nitrogen oxides (NOx) are among the leading causes of deterioration 
of the ambient air quality, especially in urban and industrialized areas 
(Castellanos and Boersma, 2012). Nitrogen dioxide (NO2) is a criteria 
pollutant, a precursor of ozone and nitrate aerosols, and an air quality 
indicator (Bernard et al., 2001; Hofzumahaus et al., 2009; Kumar et al., 
2022; Li et al., 2019; Qu et al., 2021). The primary NOx sources include 
combustion, soil emissions, and lightning (Fowler et al., 2013; Galloway 
et al., 2004; Schumann and Huntrieser, 2007; Wang et al., 2021). Near 
to the surface, NOx is short-lived and has high concentrations near the 
source. Satellite instruments provide global observations of NO2, 
allowing the detection of NOx sources and quantification of their emis-
sions and trends in developed and developing countries alike. High 
spatial resolution observations with improved signal-to-noise from the 
next generation instruments like TROPOspheric Monitoring Instrument 
(TROPOMI) has been playing a significant role in global air pollution 
monitoring.

Very few studies have been conducted on air quality studies in Nepal, 

with most research focusing on particulate matter and black carbon 
(Chelsea E. Stockwell et al., 2016; Weyant et al., 2014). The Nepal 
Ambient Monitoring and Source Testing Experiment (NAMaSTE) con-
ducted a multiphase field campaign in 2015 April along the Indo-Nepal 
border in the Indo-Gangetic Plain (IGP), gathering data on PM and trace 
gases near to some specific sources. The findings identified brick and 
cement kilns as major contributors to particle pollutants (Jayarathne 
et al., 2018; C. E. Stockwell et al., 2016; Zhong et al., 2019). The Sus-
tainable Atmosphere for the Kathmandu Valley – Atmospheric Brown 
Clouds (SusKat-ABC) project quantified the effects of pollution sources 
in the Kathmandu Valley (Mahata et al., 2018; Rupakheti et al., 2017). 
More recently, TROPOMI satellite data has been utilized to access the 
impact of COVID-19 lockdowns in NO2 levels over major cities in Nepal 
(Dhital et al., 2022). Building on the prior studies, this study provides 
analysis of spatial and temporal variation of tropospheric NO2 over 
Nepal, their emission sources, and detailed investigation of a new 
pollution hotspot that is growing at an alarming rate.

Although prior studies have recognized brick and cement kilns as a 
source of air pollution and can emit NOx (Stockwell et al., 2016; Weyant 
et al., 2014), published reports on pollution from Nepal’s brick and 
cement factories have mainly focused on pollutants like particulate 
matter and black carbon observed at limited surface sites (Weyant et al., 
2014). Using tropospheric NO2 column observations and analyzing 
spatial and temporal patterns, we demonstrate that TROPOMI can detect 
growing NO2 levels over areas with highly concentrated cement and 
brick factories, and that these areas evolve as new pollution hotspots 
superseding highly polluted capital city of Kathmandu. The structure of 
the paper is as follows: In Section 2, we provide an overview of cement 
and brick factories as significant contributors of air pollution in Nepal. 
Section 3 provides a brief description of satellite observations, 
bottom-up emissions, and methods used. In Section 4, we present the 
results and discussion, and Section 5 concludes the study.

2. Contribution of Nepal’s cement and brick industries on 
emissions

2.1. Cement industry

There are 114 registered cement industries in Nepal, but only 65 are 
currently operating by these produce ~14 million metric tons of cement 
annually (Neupane et al., 2019). Cement manufacturing in Nepal 
developed rapidly during 2004–2010 and has continued to grow since 
then. Cement production increased from 0.3 million metric tons per year 
until 2010 to 10 million metric tons in 2018. The demand for cement is 
driven by infrastructure projects such as construction of hydropower, 
road networks, and houses and commercial buildings, and demand 
especially increased during the post-earthquake reconstruction work in 
urban areas. This is also linked to the growth in gross domestic product 
(GDP) per capita in Nepal. Most cement industries are in the southern 
plains with ~1/3rd of the industries in the Lumbini-Butwal-Palpa 
corridor. Lumbini is one of the holiest places and a UNESCO heritage 
site. The Hongshi-Shivam Cement industry is the largest one in this 
corridor. It became operational in 2018 and can produce 6000 tons of 
cement per day. These cement industries are associated with 171 
licensed limestone mining operations that produce raw materials in 
nearby hilly regions, which are then transported to work sites by hun-
dreds of heavy trucks. Combustion of fuel used in these industries 
include the coal imported from South Africa and India. The thermal 
combustion of coal often exceeding 1400 ◦C in the kiln’s burning zone 
are the major sources of NOx emissions.

2.2. Brick factories

Nearly 1700 brick kilns operating in Nepal produce about 5 billion 
units of bricks per year (Eil et al., 2020). Brick factories are scattered in 
various parts of Nepal, but their concentrations are higher, mostly, in the 
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south-central and south-eastern regions. Most of these brick factories 
cease operation during the monsoon season (June–August) each year 
that often coincides with the crop harvesting/cultivating season. Brick 
kilns with permanently fixed chimneys are generally large and those 
with temporary chimneys are smaller and temporary in nature. Weyant 
et al. (2014) reported that coal is the primary input in most brick kilns, 
with 50 % of kilns using a combination of coal and rice husk, 26 % using 
a combination of coal, sawdust, and other biomass, and 24 % using coal 
as the only fuel. Combustion of these biomass and coal releases various 
gaseous (e.g., carbon monoxide, NOx) and particle (e.g., black carbon) 
pollutants. Despite the widespread use of brick kilns in Nepal, the brick 
producing technology has remained largely unchanged for decades and 
is reported as highly inefficient, ineffectual, and polluting (Eil et al., 
2020).

For this study, we gathered information about the location of these 
brick factories from various sources. Among these sources was Google 
Earth Pro that has updated locational information of all the brick fac-
tories with their names and addresses. Gathering these locations using 
Keyhole Markup Language (KML) and importing them into ArcGIS Pro 
as layer provides the exact location of each brick factory. These locations 
were later verified with the list of factories published by the Census 
Bureau of Statistics and the Ministry of Industry of the Government of 
Nepal.

3. Data and methods

3.1. Satellite NO2 observations

3.1.1. TROPOMI
TROPOMI is a nadir-viewing satellite instrument launched on 

October 13, 2017 on board the Sentinel-5 Precursor satellite. The sat-
ellite flies at an altitude of 817 km in a near-polar sun-synchronous orbit 
with an equatorial overpass time in an ascending node at 13:30 local 
time with a repeat cycle of 17 days. With ground resolution as high as 
3.5 × 5.5 km2, TROPOMI can detect localized pollution plumes and 
identify small-scale emission sources such as industrial facilities and 
biomass burning emissions.

We obtained TROPOMI NO2 data from the NASA Goddard Earth 
Sciences Data and Information Services Center (GES DISC, https://disc. 
gsfc.nasa.gov/datasets/TROPOMI_MINDS_NO2_1.1/summary). The 
NO2 slant column retrievals are performed using ultraviolet–visible 
spectral data over the 405–465 nm range, as discussed in detail in (van 
Geffen et al., 2020) with the Version 2.3.1 updates (van Geffen et al., 
2022). Conversion of slant to vertical column densities (VCD) and their 
separation into stratospheric and tropospheric components is done using 
the NASA NO2 algorithm (Fisher et al., 2024; Lok N. Lamsal et al., 2021). 
We use tropospheric NO2 column data with quality assurance (QA) 
values greater than 0.75, meaning that the scenes are mostly cloud-free, 
and grid them onto a regular size of 0.01◦ latitude × 0.01◦ longitude 
(~1.1 km × 1.1 km). The regridding method determines polygons 
intersecting a grid and calculates an average value for the grid, and is 
similar to the one used by the OMI Level 3 NO2 product (Krotkov et al., 
2019).

3.1.2. OMI
To study long-term NO2 patterns (2005–2019), we also used data 

from the Ozone Monitoring Instrument (OMI) on NASA’s Aura satellite. 
Launched in 2004, OMI provides daily coverage, with measurements of 
solar and backscatter radiation in the ultraviolet–visible spectral range 
(264 nm–504 nm) with a resolution of ~0.6 nm (Boersma et al., 2007, 
2008; Lamsal et al., 2015, 2021). Here, we used the OMI NO2 Standard 
Product version 4.0, available from NASA’s Goddard Earth Sciences 
Data Active Archive Center (Lamsal et al., 2021). This product, based on 
the differential optical absorption spectroscopy (DOAS) technique, in-
cludes significant improvements in the air mass factor calculation, 
enhancing its accuracy (Lamsal et al., 2021). We used gridded 

tropospheric NO2 column data at 0.1◦ latitude x 0.1◦ longitude resolu-
tion that are created using high-quality data with an effective cloud 
fraction below 0.3, excluding data affected by row anomalies (Dobber 
et al., 2008).

3.2. EDGAR bottom-up emission inventory

We compute total NOx emissions using the data from various sectors 
from the Emission Database for Global Atmospheric Research (EDGAR) 
emission inventory, v6.0, for the year 2018 (https://edgar.jrc.ec.europa. 
eu/emissions_data_and_maps). This inventory, available at 0.1◦ latitude 
× 0.1◦ longitude, covers 26 aggregated sources and 64 fuel types, and 
utilizes splitting factors derived from the Energy Information Adminis-
tration data on coal, oil, and natural gas fuel consumption (Crippa et al., 
2018). The emissions for a particular country are determined based on 
the technologies employed, as well as the dependency of emission fac-
tors on fuel type, combustion conditions, and activity data. Our use of 
these data here is limited to providing contributions of various emission 
sources and examining their consistency with TROPOMI NO2 
observations.

Fig. 1 shows annual total NOx emissions for 2018 in Nepal separated 
by source types and regional contributions. Transportation, 
manufacturing, energy for building, and agriculture are major emission 
sources contributing 96 % of total emissions in Nepal. Close to 1% 
contribution comes from miscellaneous sources consisting of small in-
dustries such as food processing, paper, manure management, oil re-
fineries, and solid waste incineration. These industries contribute ~48 
% emissions in the Terai region, 45 % in the mid-hills, and 7 % in the 
Himalayan regions. The Kathmandu Valley contributes 10 % and 
Lumbini-Butwal-Palpa corridor contributes 3.7 % of the total NOx 
emission.

3.3. The directional derivative approach for top-down NOx emission 
estimates

We employ the directional derivative approach to estimate NOx 
emissions from TROPOMI for 2019–2021. This technique, previously 
utilized by Lonsdale and Sun (2023, 2022) to derive NOx emissions from 
satellite-observed column amounts, is based on the principle of mass 
conservation. Details on the method, assumptions, and limitations are 
thoroughly discussed in these references (Lonsdale and Sun, 2023; Sun, 
2022). Briefly, the directional derivative approach estimates NOx 
emissions by integrating multiple factors influencing the distribution 

Fig. 1. EDGAR NOx emissions for 2018 segregated by source types and 
geographic regions over Nepal.
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and concentration of NO2. The wind-gradient and wind-topography 
terms are derived from the directional derivatives of TROPOMI tropo-
spheric NO2 column observations discussed in Section 3.1.1 and surface 
altitude with respect to the horizontal winds near the surface. Coinci-
dently sampled wind data are taken from the European Centre for 
Medium-Range Weather Forecasts (ECMWF). The scale height and 
vertically integrated chemical lifetime are calculated from linear 
regression coefficients. We use high quality data with quality assurance 
value exceeding 0.75, apply the physical oversampling approach as 
described in (Sun et al., 2018) to create data at ~1 km resolution, 
perform emission calculations at that resolution, and aggregate them 
over 0.1◦ latitude x 0.1◦ longitude grids of the EDGAR emission in-
ventory discussed above.

The directional derivative provides valuable insights into emission 
patterns and their temporal variations by considering various influ-
encing factors. However, the approach has limitations, including reli-
ance on the principle of mass conservation and the accuracy of input 
data, which can introduce inaccuracies due to assumptions and simpli-
fications. Additionally, using linear regression coefficients to estimate 
chemical lifetime and scale height may not fully capture the complex 
and nonlinear nature of atmospheric chemistry. Spatiotemporal aver-
aging can smooth out significant variations, potentially masking 
important emission events or trends. Variations in planetary boundary 
layer dynamics and inherent uncertainties in satellite observations can 
impact the accuracy of the inferred emissions.

4. Results and discussion

4.1. Sources and NO2 variations across Nepal

Fig. 2a and b shows 3-year (2019–2021) average TROPOMI tropo-
spheric NO2 columns and EDGAR NOx emissions for 2018, respectively. 
The spatial distribution of NO2 over Nepal is characterized by a clear 
north-south gradient with higher values in the southern part bordering 
with India and lower values in the northern mountainous regions, 
reflecting consistency with the distribution of brick and cement in-
dustries shown in 2c and population density shown in 2d. A significant 
hotspot is evident over the Kathmandu valley, reflecting higher NOx 
emissions as observed in the EDGAR emission inventory. In addition to 
typical emission sources (e.g., transport, industries), an estimated 122 
brick kilns are operating around the valley. Notable NO2 enhancement is 
also observed in the encircled Lumbini-Butwal-Palpa corridor in the 
southern part of the country that corresponds to high concentration of 
brick and cement industries. This area consists of 90 brick kilns and 24 
cement industries that include Hongshi Shivam Cement. The lack of 
similar enhancement in NOx emissions and the inconsistency between 
TROPOMI observations and EDGAR NOx emissions may suggest that 
these emission sources could be either missing or not well-represented in 
the emission inventory.

Fig. 3 shows the land use and land cover map of Nepal (Fig. 3a) in 
2020 with zoomed map for the Kathmandu Valley (Fig. 3b), and the 
Lumbini-Butwal-Palpa corridor (Fig. 3c), the two NO2 hotspots observed 
by TROPOMI. A massive expansion of urban built-up areas in the 
Kathmandu Valley (Fig. 3b) and an expansion of agricultural land in the 

Fig. 2. Maps of Nepal showing the (a) average TROPOMI tropospheric NO2 columns for the period 2019–2021, and (b) NOx emission estimates for 2018 calculated 
using Emission Database for Global Atmospheric Research (EDGAR), (c) location and distribution of brick (red circles and colored districts) and cement (black circles) 
industries, (d) population density for 2020. Circled areas indicate Kathmandu Valley and Lumbini-Butwal-Palpa corridor. The pink lines show provincial boundaries. 
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Lumbini-Butwal-Palpa corridor (Fig. 3c) are evident. The capital city is a 
bowl-shaped area with dense urban structure and built-up areas that 
experiences heavy pollution typical of many Asian cities which is re-
flected in enhanced TROPOMI NO2 column observations. Contrary to 
this is the Lumbini-Butwal-Palpa corridor with mostly cropland and 
forest areas and without any urban built-up, suggesting that the NO2 
enhancement over this region is largely from cement and brick in-
dustries that are predominantly located in the region.

Fig. 4 shows seasonal tropospheric NO2 columns maps from TRO-
POMI over a region featuring the two most highly polluted areas in the 
country. A clear seasonality exists with a maximum in winter and 
minimum in summer, reflecting changes in NOx lifetime. We attribute 
the relatively low NO2 levels during the summer season to a combined 
effect of 1) reduced NOx lifetime in summer, 2) significant reduction in 
brick and cement production during the monsoon period, and 3) 
enhanced effect of wet deposition during the rainy seasons. The sus-
tained and uniformly elevated NO2 levels observed beyond these source 
regions during spring are due to NOx emissions from agricultural 
burning practices in Nepal and northern India. It is worthwhile noting 
that the NO2 levels in the Butwal-Palpa corridor significantly surpass 
those in Kathmandu Valley in all seasons.

4.2. Enhanced NO2 pollution from cement and brick factories

Fig. 5 shows a zoomed map of average TROPOMI NO2 columns for 
winter months of 2019–2021 over the Lumbini-Butwal-Palpa corridor. 
As discussed above in Sections 2 and 4.1, this area has experienced 

significant growth as a major center for cement manufacturing alongside 
the well-established brick industry. The Department of Industry reports 
that there are about 40 cement factories in the area which contribute 
~40 % of the country’s total cement production. The significant NO2 
enhancement observed in Fig. 5 is due to contributions from several 
factors. First, the Hongshi-Shivam Cement Industry with its limestone 
mine spanning~ 10 km radius is located near the hotspot (Fig. 3c). This 
is the largest cement factory in Nepal producing 6000 tons of both 
cement and clinker daily, while its optimum production capacity is twice 
as large. Cement manufacturing, in general, is an energy intensive 
process with coal as the main energy source and a significant emission 
source. Second, before connected to the national transmission line in 
November 2021, this cement industry was generating electricity via its 
fourteen 1.4 MW diesel generators that consumed 60,000 L of diesel 
each day. Third, extraction of limestone from several large quarries for 
Hongshi-Shivam and other cement industries occur along the north hilly 
regions located in the neighboring Palpa and Arghakanchi districts 
(Fig. 5). Third, hundreds of heavy trucks and other machinery equip-
ment that operate on a regular basis contribute to the enhanced NO2 
columns. Finally, the general enhancement over large areas is due to the 
impact of nearby brick and smaller cement industries as well as the 
plumes advected by the prevailing winds.

Fig. 6a demonstrates how NO2 pollution in the semi-rural, non-urban 
area of the Lumbini-Butwal-Palpa corridor with a high number of 
cement and brick factories is rapidly outpacing highly urbanized capital 
city of Kathmandu. Shown in the figure are monthly time series of 
average TROPOMI tropospheric NO2 VCD over a 0.3◦ x 0.3◦ grid from 

Fig. 3. Land use and land cover situation of Nepal (Fig. a), the Kathmandu Valley (Fig. b), and Lumbini-Butwal-Palpa corridor (Fig. c). The red circled area indicates 
the location of the Hongshi-Shivam cement factory. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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the two encircled areas in Fig. 4. As discussed earlier, NO2 variation 
exhibits a clear seasonality in both areas with a maximum in winter and 
a minimum in summer. A notable difference is evident in annual changes 
with considerable year to year increase over Lumbini-Butwal-Palpa 
corridor but nearly a steady scenario over Kathmandu valley. Over the 
Lumbini-Butwal-Palpa corridor region NO2 nearly doubles in three 

years. This change is rather dramatic considering the ~3.5%/year 
change in tropospheric NO2 columns observed over both regions by OMI 
since 2005 as discussed further in Section 3.5. While studies on NO2 
emissions from cement and brick industries are scarce, our findings are 
consistent with Dhital et al. (2022), which reported a decline in NO2 
levels over Kathmandu during the COVID-19 lockdown using TROPOMI 

Fig. 4. The seasonal average tropospheric NO2 VCD for winter (December–February), spring (March–May), summer (June–August) and fall (September–November) 
from TROPOMI. Spatial resolution of the data is 0.01◦ latitude x 0.01◦ longitude. The images are zoomed over the hotspot regions in Kathmandu and near Lumbini. 
The map also displays the distribution of cement and brick industries.

Fig. 5. A zoomed map of three year (2019–2021) average tropospheric NO2 columns in winter (December-January-February) from TROPOMI over a ~64 km by 36 
km area around the Lumbini-Butwal-Palpa corridor in southern Nepal. Location of major emission sources are indicated for cement industries (pink triangles), brick 
kilns (black circles), and limestone mining areas (purple squares). The major hotspot is located close to the newly built Hongshi Shivam Cement Industry. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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data. However, their study focused on short-term changes, whereas our 
analysis from 2018 to 2021 shows a continuous rise in NO2 over the 
Lumbini-Butwal-Palpa corridor, largely due to the expansion of cement 
and brick industries.

Fig. 6b presents a daily time series showing average tropospheric 
NO2 columns within a circular area encompassing the Hongshi-Shivam 
cement industry. Up until October 20, 2018, NO2 columns were rela-
tively stable and low, with values hovering around 1.0 × 1015 molec. 
cm− 2. A sudden and notable three- to four-fold surge in NO2 levels 
occurred in late October and early November. Information on the exact 
start date for the operation of the newly built Hongshi-Shivam cement 
factory was not available, but TROPOMI NO2 observations suggest that 
the enhancement could be related to the initial operational and testing 
phase. There are no other emission sources in this remote area with 
limited population and development. Substantial power generation with 
more than a dozen diesel generators combined with the use of coal for 
cement production could result in the high emission levels detected by 

TROPOMI. This demonstration serves as an example of the power of 
satellite observations to monitor pollution for areas that do not have 
ground monitoring stations, such as remote and inaccessible regions, 
with their ability to provide near global coverage.

4.3. NOx emission estimates over the two subregions

We used the directional derivative method (described in section 2.3) 
to quantify NOx emissions over the Lumbini-Butwal-Palpa corridor and 
Kathmandu valley. Fig. 7 shows estimated NOx emissions for the year 
2019, 2020, and 2021. The NOx emissions exhibit spatial patterns 
similar to those of tropospheric NO2 columns with elevated emissions 
over Kathmandu and the Lumnini-Butwal-Palpa corridor. The remaining 
areas reveal negligible emissions, indicating minimal human activity 
and the absence of major industries. Additionally, the largely forested 
land (as depicted in Fig. 3) showed almost no emissions. The maps reveal 
the consistent annual increase in NOx emissions over the Butwal-Palpa 

Fig. 6. (a) A time series of the average monthly TROPOMI tropospheric NO2 columns over a 0.3◦ x 0.3◦ grid over Lumbini-Butwal-Palpa corridor (black) and 
Kathmandu Valley (red). The shaded areas represent the monthly variability (standard deviation). (b) A daily average (black line) and standard deviation (gray 
shade) over a circular domain around the Hongshi-Shivam Cement during August 1st to December 31st of 2018, when the cement industry started the operation. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 7. Annual NOx emissions derived using the direction derivative approach for (a) 2019, (b) 2020, and (c) 2021. Bounding boxes in red over Kathmandu Valley 
and Lumbini-Butwal-Palpa corridor are used for estimating NOx emissions in Table 1. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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corridor. This suggests rapid changes in the Butwal-Palpa corridor due to 
the expansion of brick and cement industries. A slight decrease in 
emissions over Kathmandu Valley in 2020 reflects the impact of COVID- 
19 due to reduced transportation and industrial activities.

Table 1 lists the total annual NOx emissions for two selected domains 
in the Lumbini-Butwal-Palpa corridor and Kathmandu Valley. NOx 
emissions derived using TROPOMI observations over Kathmandu Valley 
are nearly stable and consistent across all three years with annual total 
emissions close to 6 kT/year. A slight decrease in 2020 over the capital 
city, which is traditionally the most polluted region in the country with 
the highest population and largest number of daily active vehicles in the 
country, could be COVID-19-related. In contrast, the annual increase in 
emissions over the Lumbini-Butwal-Palpa corridor is 36% in 2020 and 
41% in 2021. Most of the increase occurs over a small region near 
Hongshi-Shivam Cement and other cement industries. The total NOx 
emissions in this region is on par with the number of emissions in 
Kathmandu Valley.

Comparison of 2018 EDGAR NOx emissions with NOx emissions 
derived using TROPOMI observations suggests that the emissions in 
EDGAR are comparable over the Lumbini-Butwal-Palpa corridor, but 
roughly 35% higher than the capital city (Table 1). Rapid changes in 
emissions over the Lumbini-Butwal-Palpa corridor increase the dis-
crepancies with EDGAR emissions being higher by 12% in 2019 and 
lower by 68% in 2021. The observed discrepancies over these two re-
gions suggest the possibilities of: 1) larger uncertainty in emission fac-
tors in the development of bottom-up emission inventory and a need to 
update activity data and emission factors; 2) larger uncertainty in sat-
ellite retrievals over the complex terrain of Nepal; and 3) various limi-
tations inherent in the directional derivative method. The emissions 
derived from the directional derivative method may be affected by 
simplified assumptions on NOx lifetime, NO to NO2 ratio, species’ scale 
height, etc., that may not hold true in all cases, potentially resulting in 
inaccurate emission estimates (Lonsdale and Sun, 2023). Moreover, the 
quality of satellite retrievals can degrade over complex terrain in Nepal 
due to larger uncertainty in a-priori NO2 profile shape, terrain pressure, 
surface reflectivity, and lack of explicit aerosol correction in the 
retrieval process (Lamsal et al., 2021). Details on satellite retrieval un-
certainties can be found in previous studies (Boersma et al., 2011; 
Lamsal et al., 2021).

4.4. Long-term perspective from OMI NO2 observations

For a long-term perspective, we analyze multi-year (2005–2019) 
datasets of tropospheric NO2 columns from OMI that provides extensive 
spatial coverage and consistent data, albeit with a coarser ground res-
olution as compared to TROPOMI. We conduct trend analysis by 
employing the multivariate linear regression method discussed in detail 
in Lamsal et al. (2015) and was also utilized in Duncan et al. (2016) and 
Gyawali et al. (2023). This method separates short and long-term vari-
ation in the monthly average data into three key components: a linear 
trend term representing long-term NO2 changes, a time-dependent 
seasonal component that characterizes variations over the months 
since January 2005, and a residual or noise component. Absolute 
changes in OMI NO2 are then computed by employing two least-squares 
regression models on the de-seasonalized time series. The estimated 
trend was deemed statistically significant at a 95 % confidence level.

Fig. 8 shows spatial variation in tropospheric NO2 trend over Nepal 
during 2005–2019 as observed by OMI. Statistically significant positive 
trends reaching up to 80 % are observed over large part of the country, 
especially in the southern part bordering with India. The most signifi-
cant changes are observed in areas with high NO2 levels, particularly 
over Kathmandu and Lumbini-Butwal-Palpa corridor. Sparsely inhabi-
ted hilly areas in the central part and mountainous areas in the north 
with no significant emission sources lack any clear trend.

Fig. 9 shows monthly tropospheric NO2 columns over an area of size 
0.5◦ latitude × 0.5◦ longitude in Kathmandu Valley. Since background 
and seasonal patterns dominate a large part of NO2 variation, we sepa-
rate those components from OMI NO2 data and calculate de- 
seasonalized NO2 values shown in the lower panel. Isolation of long- 
term changes and transient, short-term fluctuations emanating from 
weather and other events allows us to calculate annual NO2 trend and its 
uncertainty over the domain. We observe a gradual increase in NO2 
levels since 2005 with an annual increase of 3.5 ± 0.8 % over Kath-
mandu and 3.6 ± 1.3 % over Lumbini-Butwal-Palpa corridor.

4.5. Socioeconomic and environmental implications of brick and cement 
industries

The cement and brick industries are essential for Nepal’s developing 
economies because the country is going through many infrastructure 
projects in association with significant urbanization. For example, in 
2015, Nepal’s urban classified population reached 66% from 23% in 
2014 (Bhattarai et al., 2023). Added to that, the mega earthquakes of 7.8 
Richter Scale on April 25, 2015, rattled many infrastructures of Nepal 
needing their reconstruction. The consumption of cement has been 
increasing in Nepal after 2015 with an increase in annual demand from 
4.5 million tons in 2014–2015 to 9.1 million tons in 2018–2019 and 25.9 
million tons in 2025 (Nepal Rastra, 2021). Likewise, following the 2015 
earthquake the country’s annual brick production has increased from 5 
billion to 12 billion bricks annually (Bajracharya et al., 2021). Although 
most of the reconstruction activities could have been completed, the 
demand for cement and bricks is unlikely to subside for three main 
reasons. First, Nepal aims to progress from one of the less-developed 
economies to developing economic status earliest by 2024, at the lat-
est by 2026. Second, it plans to achieve sustainable development goals 
(SDG) by 2030. Third, the National Planning Commission of Nepal has 
identified 22 national pride projects. All these activities will increase the 
demand for cement and bricks within the country, and the government 
intends to boost the domestic cement production capacity. These in-
dustries require a considerable number of raw materials extracted 
locally (e.g., limestone ore and clay) and imported from other nations (e. 
g., coal, diesels) that have a wide range of implications. In particular, the 
environmental impact from these industries is colossal. Fossil fuel 
combustion in cement and brick productions emit various gases (e.g., 
carbon dioxide, NO2, sulfur dioxide) and particulate (e.g., PM2.5) pol-
lutants. Inhalation of some of these pollutants can lead to respiratory 
problems and other health issues (Bhattarai et al., 2024; Kim et al., 
2020). Processing raw materials such as limestone and clay results in 
various forms of environmental pollution (dust, gas emissions, sound) 
that directly impact local communities, contribute to soil erosion and 
sedimentation, and disrupt neighboring ecosystems and biodiversity. 
For instance, there are reports of several environmental and social 
problems at the historic site of Lumbini (BBC News, 2017) from air 
pollution. Noise and dust pollution caused by limestone carrying trucks 
passing through multiple schools is of concern for the well-being of 
school children in the region (Kathmandu Post, 2022). These societal 
and environmental issues could be addressed by adopting cleaner pro-
duction technologies & practices and assessing gaseous & dust emissions 
through a routine monitoring of air quality. Satellite observations, as 
demonstrated in this study, could provide a valuable resource for air 
pollution monitoring in areas where ground monitors are sparse or 
nonexistent.

Table 1 
Total annual NOx emission estimates from TROPOMI and EDGAR over selected 
domains in Kathmandu Valley and Lumbini-Butwal-Palpa corridor shown in 
Fig. 7.

Domain/Data source TROPOMI (KT) EDGAR (KT)

2019 2020 2021 2018

Kathmandu Valley 6.30 5.83 6.44 9.84
Lumbini-Butwal-Palpa corridor 3.17 4.32 6.09 3.63
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5. Conclusions

In this study, we analyzed satellite tropospheric NO2 column obser-
vations over Nepal by conducting a detailed analysis over two major 
source regions: Kathmandu Valley and the Lumbini-Butwal-Palpa 
corridor in southern Nepal. TROPOMI observations show a character-
istic seasonal variation of NO2 with higher values in winter and lower 
values in summer, reflecting seasonal changes in NOx lifetime and 
enhanced deposition during the monsoon season. The springtime en-
hancements are due to biomass burning in the region. The spatial 
pattern of NO2 is consistent with population data and emission patterns, 
with higher NO2 levels in the heavily populated southern areas and 
lower levels in the sparsely populated mountainous regions in the north. 
An expected hotspot that agrees with bottom-up emission estimates over 
Kathmandu Valley reflects large-scale vehicle use and industrial activ-
ities. An additional hotspot contrasting with the emission inventory can 

be seen in the Lumbini-Butwal-Palpa corridor; the NO2 pollution hotspot 
is geographically correlated with the locations of cement and brick in-
dustries that have grown substantially after the 2015 earthquake. This 
region with a high concentration of cement and brick industries, 
including the recently built Hongshi-Shivam cement industry, has 
evolved as a significant NO2 pollution hotspot, surpassing the capital 
city of Kathmandu. TROPOMI observations over the region suggest 
nearly a twofold increase in NO2 levels between 2019 and 2021, far 
exceeding the long-term historical growth rate of ~3.5 % per year 
observed by the Ozone Monitoring Instrument since 2005.

Using tropospheric NO2 column observations from TROPOMI and 
coincidentally sampled wind data from ECMWF and by applying the 
directional derivative approach, we inferred top-down NOx emissions 
for the years 2019–2021 over the two major source regions. The inferred 
top-down annual total NOx emissions over Kathmandu Valley vary be-
tween 5.8 KT in 2020 and 6.4 KT in 2021 that are 34–40% lower than 

Fig. 8. Long-term changes in OMI tropospheric NO2 columns from 2005 to 2019 over Nepal as derived from the linear trend. Colored areas represent a statistically 
significant trend at 95 % confidence. Gray areas represent where there are not statistically significant changes. The spatial resolution of the data is 0.1◦ latitude ×
0.1◦ longitude.

Fig. 9. Changes in OMI NO2 tropospheric columns from 2005 to 2019 over Kathmandu, Nepal (top) Time series of monthly average OMI tropospheric NO2 column 
data and (bottom) their de-seasonalized values averaged over a box of size 0.5◦ × 0.5◦ over Kathmandu. The dotted line in the bottom figure represents the 2005 
baseline. The annual trend and its uncertainty are indicated.
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the 9.8 KT emissions in 2018 calculated from the EDGAR inventory. 
Over the Lumbini-Butwal-Palpa corridor, the top-down emissions in 
2019 and bottom-up emissions in 2018 are comparable, but the dis-
crepancies increase for later years reaching nearly twofold in 2021. 
These discrepancies over the capital city and the regions experiencing a 
large-scale development of cement and brick industries underscore the 
need for timely updates in the bottom-up emission inventory.

This research has highlighted the importance of high-resolution 
satellite observations for identifying pollution from individual sources 
(Filonchyk and Peterson, 2023), which is particularly critical for 
detecting smaller sources, such as cement and brick factories, as 
analyzed in this study. Local measurements from ground-based monitors 
would provide real-time data for air quality assessment, source identi-
fication, and emission reduction support. Such measurements would 
also be helpful in validating satellite data, ensuring the reliability and 
accuracy of satellite products. Improved satellite retrievals and 
top-down inversion approaches are crucial for accurate NOx emission 
estimates. Recent advances in geostationary air quality observations, 
such as Geostationary Environment Monitoring Spectrometer (GEMS 
(Kim et al., 2020),) over Asia and Tropospheric Emissions: Monitoring of 
Pollution (TEMPO (Zoogman et al., 2017),) over North America, will 
revolutionize air quality monitoring through hourly, high-resolution 
measurements.
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González Abad, G., Huang, G., Liu, X., Van Damme, M., Yang, K., Zondlo, M., 2018. 
A physics-based approach to oversample multi-satellite, multispecies observations to 
a common grid. Atmos. Meas. Tech. 11, 6679–6701. https://doi.org/10.5194/amt- 
11-6679-2018.

Thapa, R., Murayama, Y., Ale, S., 2008. City profile: Kathmandu. Cities 25, 45–57.
van Geffen, J., Boersma, K.F., Eskes, H., Sneep, M., ter Linden, M., Zara, M., Veefkind, J. 

P., 2020. S5P TROPOMI NO2 slant column retrieval: method, stability, uncertainties 
and comparisons with OMI. Atmos. Meas. Tech. 13, 1315–1335. https://doi.org/ 
10.5194/amt-13-1315-2020.

van Geffen, J., Eskes, H., Compernolle, S., Pinardi, G., Verhoelst, T., Lambert, J.-C., 
Sneep, M., ter Linden, M., Ludewig, A., Boersma, K.F., Veefkind, J.P., 2022. Sentinel- 
5P TROPOMI NO2 retrieval: impact of version v2.2 improvements and comparisons 
with OMI and ground-based data. Atmos. Meas. Tech. 15, 2037–2060. https://doi. 
org/10.5194/amt-15-2037-2022.

Wang, Y., Ge, C., Garcia, L.C., Jenerette, G.D., Oikawa, P.Y., Wang, J., 2021. Improved 
modelling of soil NOx emissions in a high temperature agricultural region: role of 
background emissions on NO2 trend over the US. Environ. Res. Lett. 16, 084061. 
https://doi.org/10.1088/1748-9326/ac16a3.

Wei, J., Liu, S., Li, Z., Liu, C., Qin, K., Liu, X., Pinker, R.T., Dickerson, R.R., Lin, J., 
Boersma, K.F., Sun, L., Li, R., Xue, W., Cui, Y., Zhang, C., Wang, J., 2022. Ground- 
level NO2 surveillance from space across China for high resolution using 
interpretable spatiotemporally weighted artificial intelligence. Environ. Sci. 
Technol. 56, 9988–9998. https://doi.org/10.1021/acs.est.2c03834.

Weyant, C., Athalye, V., Ragavan, S., Rajarathnam, U., Lalchandani, D., Maithel, S., 
Baum, E., Bond, T.C., 2014. Emissions from South asian brick production. Environ. 
Sci. Technol. 48, 6477–6483. https://doi.org/10.1021/es500186g.

Zhong, M., Saikawa, E., Avramov, A., Chen, C., Sun, B., Ye, W., Keene, W.C., Yokelson, R. 
J., Jayarathne, T., Stone, E.A., Rupakheti, M., Panday, A.K., 2019. Nepal Ambient 
Monitoring and Source Testing Experiment (NAMaSTE): emissions of particulate 
matter and sulfur dioxide from vehicles and brick kilns and their impacts on air 
quality in the Kathmandu Valley, Nepal. Atmos. Chem. Phys. 19, 8209–8228. 
https://doi.org/10.5194/acp-19-8209-2019.

Zoogman, P., Liu, X., Suleiman, R.M., Pennington, W.F., Flittner, D.E., Al-Saadi, J.A., 
Hilton, B.B., Nicks, D.K., Newchurch, M.J., Carr, J.L., Janz, S.J., Andraschko, M.R., 
Arola, A., Baker, B.D., Canova, B.P., Chan Miller, C., Cohen, R.C., Davis, J.E., 
Dussault, M.E., Edwards, D.P., Fishman, J., Ghulam, A., González Abad, G., 
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