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PM2.5 is one of the major air pollutants in Kathmandu Valley, and its emission and the

unique atmospheric condition of the valley make it significantly hazardous to human

health. The air pollution due to particulate matter is a major health issue with numerous

negative impacts on us. This research aims to quantify the health impacts of PM2.5

exposure on the population of Kathmandu Valley. The ambient PM2.5 concentration of

Kathmandu Valley was simulated using WRF-Chem model by using a horizontal grid

resolution of 3 × 3 km. The concentration obtained from WRF-Chem was used as

input in the health equation of an intervention model to quantify the health impacts. This

quantitative assessment of atmospheric pollution was applied to evaluate the human

exposure to PM2.5 in Kathmandu Valley. PM2.5 concentration and its distribution in the

valley along with the ward-wise population distribution were used to find the health impact

of the particulate matter in December 2019 in Kathmandu Valley. Exposure analysis using

the model showed that 19 people could die due to lung cancer and 175 people could die

due to all cause diseases except accidents due to PM2.5 exposure in December 2019.

It was estimated that the reduction in the PM2.5 level by half in the valley reduces the

monthly mortality by 51.4%. Hence, the exposure analysis of the particulate matter on

the urban population could be improved by using air quality models in order to solve the

health problems arising from air pollution.

Keywords: air quality, exposure, health impact model, Kathmandu Valley, WRF-Chem model, PM2.5

1. INTRODUCTION

PM2.5 in the ambient atmosphere is hazardous and detrimental to both the environment and
human health. The amount of particulate matter can determine some of the impacts of air pollution
on human health. If we consider the World Health Organization’s recommended limits for the air
pollution, the quality of Nepalese air is very poor with an annual mean PM2.5 concentration of 44.5
µg/m3, which exceeds the recommended threshold of 10 µg/m3 (IQAir, 2019).

Studies have found that the major contributing factors of air pollution in the valley are
the vehicles, residential combustion, brick kilns, the manufacturing and construction industries,
biowaste burning, and dust particles (Stone et al., 2010; Kim et al., 2015; Sarkar et al., 2017; Shakya
et al., 2017). Out of them, vehicular emission is the primary contributing factor due to consumption
of fossil fuels (Sarkar et al., 2017; Shakya et al., 2017). The unusually high pollution levels from the
vehicles are mainly due to the haphazard traffic system, poor maintenance of the vehicles, and
ineffective control of vehicle emissions (CEN and ENPHO, 2003).
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The Kathmandu Valley is the capital city of Nepal and has
the largest number of population. One of the main reasons
for the highly polluted state of Kathmandu Valley is the
highly dense concentration of people coming from all over the
country (Bakrania, 2015). Nepal has one of the highest rates
of urbanization rates in the world that can steadily keep on
increasing in the long run as well (Bakrania, 2015). Most of
the development work has been concentrated in the Kathmandu
Valley and the subsequent economic activities as well as the
consumption of fossil fuel have aggravated the pollution and
health-related problems in the city.

The traffic scenario in Kathmandu Valley is deteriorating
steadily with the constant influx of people. A projection
has estimated this increase in the number of vehicles in
the valley from 461,927 in 2009 to 895,802 in 2021 (ADB,
2010). The increase in vehicular air pollution affects the
human respiratory system. As the vehicular traffic grows, so
does the production of PM2.5 that results in adverse health
impacts like respiratory and pulmonary diseases (US EPA,
2020). Ghimire and Shrestha (2014) showed that the total
estimated PM2.5 was 9646.40 tons/year from vehicular emission
in Kathmandu Valley.

The InMAP model has been used to estimate the annual
average primary and secondary PM2.5 related to changes in
emissions. This model provides marginal health damages based
on source–receptor relationships calculated by the WRF-Chem
chemical transport model. Inputs to the model include precursor
emissions (NH3, SO2, PM2.5, NOx, and VOCs), annual average
meteorology, air quality, deposition information, annual gridded
surface emissions, and point sources. InMAP model uses
population and health incidence data that can be used to estimate
health impacts (IEc, 2019). EASIUR is another model that
calculates the monetized health impacts of emissions changes
in the contiguous United States. The EASIUR model follows
a standard method for estimating mortality burden, which is
an impact pathway analysis of estimating ambient PM2.5 from
precursor emissions and then quantifying associated premature
deaths based on epidemiological studies (Heo et al., 2016).
This method achieves detailed spatial resolution according to
the location of the emission source, accounting for differences
in the exposed population downwind. EASIUR can quantify
the benefits of the air quality policy scenarios and can be
normalized per ton of emissions. Using chemical transport model
simulations, the model builds a large dataset of air quality
public health impacts from marginal emissions throughout
the United States, taking into account the exposed population
distribution throughout the country (Heo et al., 2016). APEEP
model also follows a similar format of quantifying the health
impacts. The model begins with calculating emissions using
an air quality model. Next, APEEP computes exposures of
people to ambient air pollution to determines the resulting
human health impacts. APEEP calculates human exposures to the
predicted concentrations by multiplying county-level pollution
concentrations by the county-level population data. The model
translates exposures into physical effects using concentration–
response functions published in peer-reviewed studies in the
epidemiological literature (Groosman et al., 2011).

The relationship between the change in concentration of the
pollutant (1x), and the corresponding change in the population
health response (1y) derived from a concentration response
relationship is the health impact function (US EPA, 2010). Many
epidemiological studies report somemeasure of the change in the
population health response associated with a specific change in
the pollutant concentration, which is called the relative risk.

Pope et al. (2002) assessed the relationship between long-
term exposure to fine particulate air pollution and all-cause,
lung cancer, and cardiopulmonary mortality. The study found
that each 10 µg/m3 elevation in fine particulate air pollution
was associated with 4, 6, and 8% increased risk of all-cause,
cardiopulmonary, and lung cancer mortality, respectively. The
findings are based on 16 years of research involving about 500,000
people and 116 metropolitan areas in the United States. Similarly
another study by Krewski et al. (2009) consisted of approximately
360,000 participants residing in areas of the country that have
adequate monitoring information on levels of PM2.5 analyzed
the relative risks of all causes, cardiopulmonary disease (CPD),
ischemic heart disease, lung cancer, and all remaining causes. The
study showed 6% increase in overall mortality for every 10µg/m3

increase in PM2.5 concentration. Lepeule et al. (2012) found
significant associations between PM2.5 exposure and increased
risk of all-cause, cardiovascular and lung cancer mortality, and
reported that each increase in PM2.5 (10 µg/m3) was associated
with an increased risk of all-cause mortality of 14%, along
with 26 and 37% increase in cardiovascular and lung cancer
mortality, respectively.

The health impact of PM2.5 exposure in Nepal has been
conducted using concentration–response relations from various
other regions (Gurung and Bell, 2013). Giri et al. (2007) have
estimated the mortality due to the PM10 pollution in Kathmandu
Valley as 17,132 premature deaths/year. Shah and Nagpal (1997)
estimated the impact of PM on mortality and morbidity and
found the impact of 84 deaths, 506 cases of chronic bronchitis,
475,298 restricted activity days, and 1.5 million respiratory
symptom days in Kathmandu Valley in 1990. In this study, the
PM2.5 pollution exposure in Kathmandu Valley and its health
impacts have been evaluated using the distributed approach of
simulating the air quality by employing WRF-Chem modeling.

The annual PM2.5 concentration of Nepal is 10 times the
limit set by WHO. The strongest predictor for deaths caused by
ambient air pollution is chronic PM2.5 exposure (Künzli et al.,
2001; Pope and Dockery, 2006). PM2.5 is capable of traveling long
distances and can also be highly spatially variable near emission
sources. To date, limited studies have been conducted to analyze
the PM2.5 emission and its health impacts in Kathmandu Valley.
This study aims to use a high-resolution WRF-Chem simulation
to test and support the research on PM2.5 emission and its
health impact.

2. MATERIALS AND METHODS

2.1. Study Area
The research was conducted for Kathmandu Valley as shown in
Figure 1, having a population of 1,376,000 in 2019, and 665 km2

area (Macrotrends, 2020). The valley stands at 1,425 m (4,675
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FIGURE 1 | Map of Kathmandu Valley.

ft) above sea level. It comprises three main districts of Nepal:
Kathmandu, Lalitpur, and Bhaktapur District. The total number
of wards in each district are 71 wards in Lalitpur, 38 in Bhaktapur,
138 in Kathmandu. The temperature in Kathmandu valley is
around 20–35◦C in the summer and−3 to 20◦C in winter.

2.2. Study Period
In order to select the time period for the study, US
embassy station data were analyzed. Upon analyzing the PM
concentrations throughout the year of 2019, we observed that
PM peaks in the driest winter month of December. In December,
the average temperature ranges between min 3.7◦C (38.7◦F) and
max 20.2◦C (68.4◦F), during which PM concentration is the
maximum (IQAir, 2019; Weather Atlas, 2020). The pollution
stations of Government of Nepal started operating only from
2016, and US Embassy stations operated after a year in 2017.
During this research, only 3-year data were available but the data
were very limited with lots of missing data. In a comparison of
monthly data, we found that December, January, and February
usually have high PM concentrations. For example, in US
embassy station data of 2018, December had the highest PM2.5

concentration of 101.6 µg/m3 followed by January and February
with 99.9 and 94.8 µg/m3, respectively. The PM2.5 exposure
analysis of this study was done in very high spatial resolution
of 3 × 3 km. Some papers (Heo et al., 2016; Thind et al., 2019)
have used 36 × 36 km and 48 × 48 km resolution. Being a
high-resolution simulation with a time period representing the
highest PM2.5 pollution in Kathmandu Valley, the time period
from December 1, 2019 to December 30, 2019 was selected for
the study.

2.3. Population Data
The baseline population data from Central Bureau of Statistics
(CBS), Nepal (https://cbs.gov.np/population/) was used for the
study. Using the Ratio method as used by CBS reports for
population projection, this ward-wise population data were
projected from the baseline year 2011 to year 2019.

The equation of this method is:

Sub area Projected Population =

Sub area Population

Parent Population

× Parent Population Projection

where,
Sub area Projected Population is the required ward-wise

projected population for 2019,
Sub area Population is the ward-wise population of baseline

year 2011,
Parent Population is the Population of Nepal in baseline year

2011,
Parent Population Projection is the projected population of

Nepal in 2019.
The Parent Population was taken from the Population Projection
Report prepared by CBS (2014).

2.4. Mortality Data
The mortality rate for lung cancer and all-cause mortality data
to quantify the health impacts were taken from the reports
published by Nepal Health Research Council (NHRC). The all-
cause mortality rate for the valley is found to be 607.8 per 100,000
people (NHRC, 2018).
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TABLE 1 | WRF-WPS model setup.

WRF-Chem parameters Value

Horizontal grid resolution 3 km

Grid 66 × 58 cells

Vertical resolution 38 levels

Projection Mercator

2.5. WRF-Chem Modeling
The Weather Research and Forecasting (WRF) model
(Skamarock et al., 2008) is a widely used distributed model
to simulate the atmospheric process and it is able to model
meteorological processes and atmospheric transport.

WRF-Chem is a numerical weather and atmospheric
simulation model that is coupled with chemistry (Grell et al.,
2005). It can simulate and predict the atmospheric emission
of pollutants, the chemical transport, and transformation at
multiple spatial scales. The interaction between meteorology and
chemical processes is also modeled by WRF-Chem.

2.6. Modeling Setup
Version 4.0 of Weather Research and Forecasting Model coupled
with Chemistry was used for simulating the meteorology and
chemistry over the model domain shown in Table 1. The model
domain is defined on the mercator projection. The model
contains 3 km grid resolution and of 38 vertical layers.

The data required for themodel run were downloaded from

different sources.

NCEP FNL Operational Global Analysis was used for the
initial and lateral boundary conditions for meteorological field.
Fire Inventory from the National Centre for Atmospheric
Research (NCAR) (FINN) version 1.5 was used for biomass
burning data. The anthropogenic emission required for running
the model is taken from Emission Database for Global
Atmospheric Research (EDGAR-HTAP v2) inventory. The
biogenic emissions were fromModel of Gases and Aerosols from
Nature (MEGAN). WSM 5-class microphysics scheme, Grell 3-
D cumulus parameterization, RRTM longwave option, Dudhia
shortwave scheme, Yonsei University planetary boundary
layer parameterization, MOZCART chemistry scheme, and
Madronich F-TUV photolysis option were used for running the
WRF-Chem model.

2.7. Estimation of PM2.5 Pollution-Related
Deaths
Health impact function was used to estimate the number of
deaths and illnesses associated with PM2.5 attributable to each of
the 247 wards of Kathmandu Valley. One of the input parameters
is the PM2.5 concentration from the WRF-Chem model.

Various reduced complexity models (RCMs) have been
developed to quantify and value the health impacts of changes
in air quality. The reduced form models employ simpler
methods to approximate the more complex analyses with a
lower computational burden (IEc, 2019). Health benefit results
from the models can be obtained by the use of Chemical

TABLE 2 | Relative risk for the diseases from epidemiological study done by Pope

et al. (2002).

Cause of mortality Relative risk (R)

Lung cancer 1.14

All cause 1.06

TransportModels (CTMs) to estimate the impact of emissions on
ambient concentrations, and the health effects from exposure to
these concentrations can be quantified by using concentration–
response functions (Gilmore et al., 2019). Several RCMs such
as EASIUR (Heo et al., 2016), InMAP (Tessum et al., 2017),
and APEEP (Muller and Mendelsohn, 2007) use health impact
function from BenMAP (US EPA, 2010) to determine the
mortality due to pollutant exposure. The function calculates the
number of death resulted per year due to PM exposure by taking
a certain concentration response relation (Pope et al., 2002;
Krewski et al., 2009). All three RCMs use the same equation to
predict the mortality burden caused by PM2.5 pollution.

The log-linear relationship is themost common form of health
impact function used in these types of studies (US EPA, 2010). A
typical health impact function specifying a log-linear relationship
between risk and air quality change is as follows (US EPA, 2010):

yi =

{

exp

(

logR

10
· c

)

− 1

}

× Total Population×Mortality Rate (1)

where
c is the average PM2.5 concentration,
Total Population is the ward-wise population,
Mortality Rate is the mortality rate for certain diseases per

100,000 people,
R is the relative risk reported from various published

epidemiological studies,
yi is the estimated number of PM2.5-related total deaths for

each ward.
In this study, the value of R is different for lung cancer and all-
cause mortality (Table 2). Since Nepal does not have a reliable
published source of relative risk, we have taken it from the
study conducted by Pope et al. (2002), which states that an
increase of 10µg/m3 in fine PM concentration in the atmosphere
contributes about 6 and 14% increase in the risk of all cause
and lung cancer mortality, respectively. Due to lack of mortality
data for Kathmandu Valley, only two factors—lung cancer and all
cause disease—could be considered.

The input and output of the model were plotted in the
Kathmandu Valley map by using the QGIS software.

3. RESULTS

3.1. Projected Population
The ward-wise population of Kathmandu Valley for the year
2019 was estimated using the Ratio method. The baseline
population was taken from Central Bureau of Statistics (2011).
Figure 2 shows the projected population of the valley for 2019.
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FIGURE 2 | Ward-wise population of Kathmandu Valley for the year 2019.

FIGURE 3 | Mortality rate (per 100,000 people) due to lung cancer in Kathmandu Valley in 2018.

Kathmandu Valley at 2019 has approximately 2.7 million people.
The densely populated urban centers comprise the Kathmandu
and Patan cities and Bhaktapur city in the eastern edge of the
valley. Urbanization can be seen increasing throughout the valley,
agricultural field are also present over the flat valley floor, and
substantial area is found to be used for brickfields especially in
the Bhaktapur district.

3.2. Mortality Rate
Figure 3 shows the mortality rate of Kathmandu Valley for lung
cancer (NHRC, 2018). Mortality rate (per 100,000 people) due
to all cause (except accidents) diseases in Kathmandu valley was
taken as 607.8 (NHRC, 2018). We projected the rate from 2018,
using Ratio method, to 2019 but no significant changes were
observed. So we used mortality rate of 2018.
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FIGURE 4 | Average PM2.5 emission (µg/m3) in the valley obtained from

WRF-Chem for December 2019.

3.3. Emission Concentration From
WRF-Chem
In Figure 4, the 1 month (December, 2019) average spatial
distribution of calculated PM2.5 is shown along with the
population distribution in the Kathmandu valley. The maximum
PM2.5 concentration is seen in Kathmandu district. This region
of Kathmandu, being the main urban center, holds the maximum
population density along with maximum traffic congestion, with
large development activities resulting in high air pollution.
Largely protected from any winds, the pollutants are not
dispersed and hang heavy over the local population especially
during the dry winter months. Wards including Nagarjun 4,
Nagarjun 9, Nagarjun 10, Chandragiri 13, and Chandragiri
14 experience the greatest PM2.5 concentrations. The lowest
concentration was found to be at Bagmati 4. There is less PM2.5

concentration in the outskirts of Kathmandu, lower region of
Lalitpur and Bhaktapur district.

3.3.1. Health Impact of PM2.5 Exposure

The cumulative deaths due to PM2.5 induced lung cancer and all
cause is found to be 19 and 175, respectively, for December 2019,
which was obtained using Equation (2) that estimates the number
of PM2.5-related total deaths (Y) for each ward i (i= 1,2,3. . . 247).

Y =

247
∑

i=1

yi (2)

where yi is the ward-wise PM2.5-related death (see
Equation 1) and Y is the total PM2.5-related death of entire
Kathmandu Valley.

The health impact function was applied to the 247 wards
individually to calculate the mortality burden per ward. The
summation of all the ward results provided us with the total
number of deaths in the entire valley. Table 3 shows that the
death number for lung cancer and all cause disease are 19 and
175, respectively. Different relative risks were applied for lung
cancer and all cause, along with different mortality data input to
provide the mortality results.

TABLE 3 | PM2.5 related premature deaths attributable to emissions in December

2019.

Total no. of death Average mortality rate (per 100,000)

Lung cancer 19 0.71

All cause 175 6.37

4. DISCUSSION

Figure 5 shows maximum and minimum mortality values
for lung cancer to be 0.403 and 1.081 per 100,000 people,
respectively. The highest PM2.5 induced lung cancer mortality
rates are seen in Lalitpur district. The mortality rate for lung
cancer is 41.6 (per 100,000) as provided by NHRC (2018), which
explains the higher PM2.5 induced lung cancer mortality rates
than the other two districts. Although the population density
of Kathmandu is greater, the lung cancer mortality rate for
Lalitpur district is greater than that of both Kathmandu and
Bhaktapur districts. The topmost region of Lalitpur district has
the maximummortality rates due to high emission concentration
as well as large population.

The maximum and minimum mortality rate burden for all
cause is shown in Figure 6 to be 4.31 and 6.93 per 100,000 people,
respectively. The highest PM2.5 induced all cause mortality rates
are seen in Kathmandu district. The mortality rate for all cause
is 607.8 (per 100,000) for the entire valley. It is evident that the
high emission concentration and population cause maximum
mortality burden due to PM2.5 in Kathmandu district. Therefore,
PM2.5-related mortality burden is highest where population
concentration and PM2.5 emission is maximum.

The estimated mortality is higher than that reported by
Regmi and Kitada (2003). Regmi and Kitada (2003) estimated
226 deaths per year, whereas this study estimates around 175
deaths during the month of December (Table 4). Increase of
both the population and pollutant concentration has contributed
toward this trend. The health impact functions (Ostro and
Chestnut, 1998) used by Regmi and Kitada (2003) provides
very less relative risk compared to ours, and the target
population for the valley was also 50% less than the target
population of this study. This change in the health impact
constant and the population distribution predicted lesser
mortality results.

Similar study was done by Shah and Nagpal (1997), who
estimated similar results as that of Regmi and Kitada (2003). Shah
and Nagpal (1997) had also used the same health impact equation
for similar target population as that of Regmi and Kitada (2003).
Themain reasons for the difference in the results are the increases
in population and pollutant concentration.

The mortality results due to PM2.5 emission was calculated
after reducing the concentration of every ward by half. The
hourly PM2.5 concentration data are not compared with the
observed station data since themodel provides average of the grid
(3 km) while the stations provide point wise data. The grid value
and the station point data are not comparable. The monthly data
obtained for the individual wards got reduced by nearly 50% and
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FIGURE 5 | PM2.5 induced lung cancer mortality rate (per 100,000 people) for December 2019.

FIGURE 6 | PM2.5 induced all cause mortality rate (per 100,000 people) for December 2019.

the results were obtained (Table 5). Upon analyzing the result
before and after the emission reduction, it is seen that the death
result also significantly reduced by half. Thus, it is estimated that
reduction in PM2.5 level in the valley will reduce the monthly
mortality by approximately 50%.

Taking into account the exposure map, high concentration
of exposure seems to be prevalent in the cities of Kathmandu
district. To reduce adverse health outcome stringent emission
control measures should be implemented (Regmi and Kitada,
2003). Nepal is regularly ranked poorly in the air quality
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TABLE 4 | Comparison of the results with previous studies for Kathmandu Valley.

Death Time period

This study 175 December 2019

Regmi and Kitada (2003) 226 Annual 2003

Shah and Nagpal (1997) 84 Annual 1996

TABLE 5 | Comparison between PM2.5 resulted death after reducing the emission

by half in December 2019.

PM2.5 resulted

death

PM2.5 resulted death

after reducing emission

Percentage

decreased (%)

Lung cancer 19 9 52.6

All cause 175 85 51.4

indices. Considering the mortality burden, the places affected by
PM2.5 pollution should be identified and effective air pollution
mitigation plan should be enforced.

4.1. Conclusion and Recommendations
In this research, numerical simulation of particulate matter of
Kathmandu Valley was done using Chemical Transport Model,
WRF-Chem for December, 2019. Values of simulated 24-h mean
PM2.5 concentration ranges from 30 µ to 65 µg/m3. The values
of PM2.5 obtained from the model simulation exceeds the WHO
standard, which is 25 µg/m3 24-h mean. The level of PM2.5 in
Kathmandu’s air is extremely high, especially in the dry winter
month (December). In this month, the air in urban Kathmandu
can be classified as “ very unhealthy.”

Human PM2.5 pollution exposure has been studied utilizing
the numerically simulated PM2.5 concentration value and
residential distribution of population over Kathmandu valley.
Human-PM2.5 pollution-exposure maps for Kathmandu valley
have been analyzed and various health outcomes due to the
prevalence of PM2.5 are evaluated. Spatial exposure strength,
i.e., population times concentration for PM2.5, occurs in the
main urban area of Kathmandu, Patan, Thimi, and Bhaktapur
cities due to the large population living in these cities. From
the model, we calculated the total number of deaths for the
month of December, 2019 to be 19 from lung cancer and 175

from all cause disease, both PM2.5 induced. The results obtained
showed that greater the emission and population concentration,
greater is the mortality rate in the region. From our calculations,
mortality burden was highest in central Kathmandu with a value
of 1.081 and 6.93 per 100,000 people for lung cancer and all cause
diseases, respectively. The highest PM2.5 concentration is seen in
the central region of Kathmandu Valley where the population
density is also high, thereby contributing to highest mortality
in that area. If the monthly average emissions are reduced by
50%, the total number of deaths are also approximately reduced
by 50%, implying that PM2.5 is directly related to total number
of deaths in this case. Finally, the results indicate that PM2.5 is
dangerous to human health and can even be fatal.

This research plays a role in understanding the health impacts
caused by PM2.5 based on quantitative analysis. Since annual
time period was not possible for this study, a future study with
a longer time period could be proposed. Other air pollutants can
also be studied in the future along with their health impacts.
Moreover, study including whole Nepal as study area can also
be proposed to further understand the relation between PM2.5

and its human health impact. There are evidences that link air
pollution and health impacts and further studies are required on
the health effects of air pollution in Kathmandu valley. The result
from these studies can be used by policymakers to improve the air
quality in Nepal. We also recommend the simulation for a longer
time period at high resolution to better understand the relation
between PM2.5 concentration and number of death attributable
to it.
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