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Abstract: The rapid population growth and unplanned urbanization within Kathmandu Metropolitan
City (KMC) have induced land use and land cover (LULC) changes that have exacerbated problems
of air pollution and the Urban Heat Island (UHI) effect. These issues, as well as potential mitigations
and possible counteractions, are currently under investigation by numerous research communities,
resulting in various solutions being put forward including the creation of Urban Green Spaces
(UGS). Establishing UGS would increase carbon dioxide extraction, minimizing photochemical ozone
formation and liberation, while simultaneously cooling the microclimate of an area such as KMC.
Optimized implementation of UGS throughout KMC requires an understanding of and prioritization
of locations based on degraded air quality and the UHI effect. Unfortunately, such studies in these
areas appear to be severely lacking, which has acted as a catalyst for this study. This research includes
prioritization on two different spatial units—(i) at the administrative ward level and (ii) 0.0025◦

fishnet level. The result identifies the high-need locations where UGS establishment is recommended
to mitigate air pollution and the UHI effect. Information obtained also heightened the existing UGS’s
current sparsity and deplorable conditions. Findings from this study indicate that the utilization of
rooftops are potential locations for new UGS, and enhancement of the existing UGS would prove to
be an efficient use of currently underutilized spaces.

Keywords: urbanization; index; rooftop greenery; MAUP; developing country; remote sensing;
Land Surface Temperature

1. Introduction

Various LULC studies in Kathmandu Metropolitan City (KMC) (Figure 1) have high-
lighted the negative impacts of rapid urbanization and population growth [1,2] on environ-
mental problems such as air pollution [3] and Urban Heat Island (UHI) [4].

1.1. Air Pollution in KMC

Saud and Paudel [3] introduced that Kathmandu is a city with a pollution problem, and
they discussed the sources and health impacts of air pollution in Kathmandu. The trend of
increased use of private vehicles combined with industrial facilities, household combustion
devices, and forest fires are the most frequent sources of air pollution in Kathmandu [5,6].
In addition, the wide use of poorly maintained automobiles and poorly planned construc-
tion projects, e.g., demolished building materials on busy roadsides and the expansion of
the Melamchi water project, have contributed to air pollution in KMC [3,6]. Air pollution
causes two-fold interconnected impacts on human and environmental health. Only a
few studies have been conducted about the effects of air pollution on human health in
Nepal [3,7–10]. These studies indicated that Nepal, especially Kathmandu, has been highly
exposed to air pollution, and suggested severe health impacts [7]. Recently, environmen-
tal activists highlighted the degraded air quality in KMC as a public health emergency
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through protests [11]. This public attention emerged when the Swiss air quality technology
company IQ Air temporarily ranked Kathmandu as the most polluted city in the world in
January 2021 [11,12]. According to IQ Air, Kathmandu’s AQI reached a hazardous category
with a value of 450, which is 15 times more than the WHO standard [13]. In addition,
Nepal experienced wildfires in March and April 2021, further spiking air pollution [14].
Schools had to be closed for several days due to the severity of air pollution [15]. Protests
addressing degraded air quality continued with social media posts on different platforms
at individual and organizational levels [12]. Therefore, it has become essential to address
the air pollution problem in KMC.
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1.2. Urban Heat Island (UHI) in KMC

Aryal et al. [16] and Magar et al. [17] revealed that the center of Kathmandu has
higher Land Surface Temperatures (LST) as compared to its surrounding areas, a phe-
nomenon known as Urban Heat Island (UHI) [18]. It is one of the common properties
exhibited by most of the large cities in the world [18]. In an assessment impact of changes in
land use/land cover on the surface UHI phenomenon in Kathmandu between 1988–2018,
Sarif et al. [4] reported that LST in Kathmandu has a positive relationship with Normal Dif-
ference Built-up Index, whereas a negative association with Normal Difference Vegetation
Index. Magar et al. [17] also found that built-up areas in Kathmandu highly contributed
to the increase in LST compared to other land use/land cover types. The UHI effect in
KMC is primarily due to the large-scale expansion of impervious surfaces, dense built-up
areas, and high concentrations of anthropogenic activities [4,17]. These impervious surfaces
have reduced evapotranspiration [19], increased solar radiation absorption, and higher
retention of infrared radiation [20]. Additional greenhouse gases in the atmosphere due
to growing industrialization and urban transportation also contribute to the increase in
temperatures [21,22]. The UHI affects human health [23], ecosystem functions [24], and
local weather and climate [25], therefore, degrading the quality of urban life. Globally, data
show that increased daily temperatures are associated with heat-related illnesses that range
from mild fatigue and heatstroke to death [26–28]. The UHI effect also increases energy
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costs (e.g., air conditioning) [29], degrades water quality, and causes social, economic, and
environmental stresses [30]. Heat may degrade the air quality and increases ground-level
ozone, affecting life quality [30,31], further strengthening the need to mitigate the UHI effect.

1.3. Role of UGS in Mitigating Air Pollution and the UHI Effect

Zupancic, Westmacott, and Bulthuis [32] analyzed 102 peer-reviewed articles that
studied the role of Urban Green Spaces (UGS) in reducing heat and air pollution in an
urban environment. Based on this review, 92 percent of the identified studies on UGS
and air pollution reported that UGS can mitigate pollution effects, and 98 percent of the
identified studies on UGS and heat mitigation indicated the cooling impact of UGS. The
review paper summarized by demonstrating the importance of greening policies integration
with health and land-use planning policies. Therefore, establishing UGS may also be a
potential solution to the interrelated UHI-air pollution problem in KMC. Vegetation has a
two-way effect on air quality—air pollution mitigation, and emission of Volatile Organic
Compounds (VOCs) that react with nitrogen oxides to form ozone [33,34]. It acts as both a
source and a sink for air pollutants [33]. Trees help mitigate air pollution by intercepting
airborne particles or pollutants uptake through leaf stomata [33,34].

Moreover, UGS also may improve air quality by minimizing air temperatures. Taha’s
study [35] showed that the temperature-dependent emission rates of VOCs from vegetation
and the chemical reaction rates of producing tropospheric ozone decrease with air temper-
ature. Another way of dealing with the effect of VOC is by planting trees that emit low
amounts of VOC. Taha [35] also found that planting trees radiating low VOC minimized
the ozone concentration in the troposphere, whereas planting trees releasing high VOC
resulted in air quality degradation in Los Angeles, California.

In a comprehensive systematic review, Bowler et al. [36] stated the potential effec-
tiveness of UGS in mitigating the UHI effect through direct shading from incident solar
radiation, radiated heat from nearby surfaces, and evaporative cooling. Previous studies re-
vealed that the temperature in a suburban neighborhood under mature trees was 2.2–3.3 K
cooler than in new areas with no trees [37]. Planting trees near buildings can help reduce
building surface temperatures during hot summertime, naturally limiting energy use for
cooling building interiors [38], which in turn can reduce emissions from power plants [39].
Akbari et al. [40] found that shading by trees decreased summertime energy demands by
as much as 30%.

Some existing studies discussed the need to address air pollution and the UHI ef-
fect in Kathmandu, whereas others linked green vegetation with air pollution and UHI.
Gautam [41] and Saud and Paudel [3] highlighted the urgency of mitigating air pollution in
Kathmandu. Magar et al.’s [17] study result indicated that continuous urbanization at the
present rate might result in severe UHI effects in Kathmandu. Ghimire [42] reported that
urban temperature is increasing remarkably in areas with fewer green spaces and more
built-up areas. Aryal et al. [16] suggested that more green space should be established
in Kathmandu to minimize LST. Shrestha et al. [43] and Kanwar et al. [44] assessed plant
species’ tolerance to air pollution in Kathmandu to reduce human exposure to air pollu-
tants. However, based on our best knowledge, no study has been conducted on urban
green space prioritization with the motive of mitigating air pollution and the UHI effect in
KMC. Sarif et al. [4] pointed out the importance of improving urban planning with green
city technology to avoid the severe impacts of the increasing UHI effect in Kathmandu.
This paper attempts to fill this research. We prioritized areas in KMC for urban green
space establishment to mitigate air pollution and UHI. We encourage the plantation of air
pollution tolerant plant species, as suggested by Shrestha et al. [43] and Kanwar et al. [44],
and green roofs techniques, as suggested by Baniya et al. [42] in KMC in the prioritized
areas based on our results.

Considering the negative impacts of the UHI effect and air pollution in KMC and the
role of UGS in mitigating these problems, we propose that UGS should be established in
KMC. The objectives of this study are (i) to assess Land Surface Temperature (LST) and
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air pollution in KMC, (ii) to develop a composite priority index for UGS prioritization
evaluation, (iii) to identify potential ways to increase greenery for reducing the UHI effect
and air pollution mitigation in KMC.

2. Materials and Methods
2.1. Assessing LST and Air Pollution in KMC

We conducted an assessment of LST and air pollution in KMC during the recent
(2017–2021) period. We downloaded Landsat 8 Collection 2 Level 2 product (path 141
and row 41) from the USGS EarthExplorer [45]. Then, we assessed LST by processing
the Landsat images—in ENVI 5.5.3. We included data that were acquired on 5 May 2017,
8 May 2018, and 16 May 2021 having cloud coverage of 4.76%, 5.69%, and 9.07%, respec-
tively, in our analysis. Data for all other summer months of the five years from 2017 to
2021 were highly cloudy and unsuitable for analysis. The multispectral Landsat images
were stacked into a single image file, and a spatial subset was performed to extract data
for our study area. It turned out that our study area had less cloud in each downloaded
Landsat image. We detected clouds in our study area using the Function of mask (Fmask)
4.0 algorithm and corrected the images by compositing and mosaicking. We calculated LST
using the correction factors of Landsat 8 Collection 2 Level 2 product as below:

LST = B10 × 0.00341802 + 149 (1)

where B10 = thermal infrared (TIRS) band 10 (10.6–11.19 µm) of Landsat 8 OLI.
We also assessed the monthly trend of the Air Quality Index (AQI) based on PM2.5

over the five years of 2017–2021 using data obtained from the World Air Quality Project [46]
in three stations the U.S. Embassy, Phora Durbar, and Ratnapark in R. PM2.5 are the fine
particles that are generally 2.5 µm and smaller, and inhalable [47].

2.2. Developing Composite Priority Index

Developing a composite priority index requires important decisions on selecting
indicators, analyzing scale, data transformation, scaling, weighting, and aggregation. It is
crucial to choose context-specific indicators when developing a composite priority index.
Here, the context is to mitigate the UHI effect and air pollution. We selected a set of
indicators under two dimensions—(i) problem indicators and (ii) solution indicators based
on their role in escalating or mitigating the impacts of the UHI effect and air pollution,
respectively. Table 1 shows the details of the indicators with data sources.

Using the problem and solution indicators, we developed a composite index to priori-
tize areas for UGS establishment in open-source software QGIS 3.24 using the OpenQuake
package (https://docs.openquake.org/oq-irmt-qgis/v3.2.3/ accessed on 3 February 2021).
For the problem indicators, higher value means that the necessity to prioritize those areas
will be higher. For example, an area with a high population density requires more resources
to control the population. Therefore, areas with high population density will have a higher
necessity to prioritize urban green space establishment in those areas. The areas with higher
LST, more built-up, residential and industrial areas, and areas closer to the transportation
zones must be prioritized.

On the contrary, the solution indicators with a low value need to be prioritized. We
calculated the current green space in KMC to prioritize the areas with insufficient existing
green space. In addition, green areas with low NDVI values should be prioritized.

https://docs.openquake.org/oq-irmt-qgis/v3.2.3/
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Table 1. Indicators of Composite Index for UGS establishment to mitigate the UHI effect and air
pollution.

Dimension Indicators Explanation Data Sources

Problems

Population

Rapid population growth is responsible for
rapid urbanization, which causes
environmental problems that include UHI
and air pollution [1–4].

WorldPop Open Population
Repository [48]

Built-up area

The characteristics of the built-up area result
in low evapotranspiration, increased solar
radiation absorption, and higher retention of
infrared radiation [19,20].

Landsat 8 Collection 2 Level 2
product [45]

LST

An increase in LST affects the local climate,
causes an increase in ground-level ozone
production, and degrades air quality. It is
also associated with heat-related illness and
mortality [26–28,30,31].

Landsat 8 Collection 2 Level 2
product [45]

Residential area
One of the primary sources of emissions in
Kathmandu is the residential area, which can
generate large household combustion [49].

OpenStreetMap [50]

Industrial area

Industrialization is a common source of air
pollution globally. Greenhouse gases added
to the atmosphere from industries contribute
to increasing temperature [5,6,21,22].

OpenStreetMap [51]

Transportation

The transportation sector is one of
Kathmandu’s significant sources of air
pollution. Vehicle emissions also contribute
to the increase in temperature [21,49].

OpenStreetMap [51]

Solutions

Existing green area UGS helps mitigate the UHI effect and
improve air quality [32,36].

Landsat 8 Collection 2 Level 2
product [45]

Normalized Difference
Vegetation Index (NDVI)

NDVI is the measurement of vegetation
amount and condition. UGS with higher
NDVI have more capacity to mitigate the
UHI effect and improve air quality [32].

Landsat 8 Collection 2 Level 2
product [45]

Developing a composite priority index requires a decision on the scale of analysis. We
conducted the prioritization by analyzing data on two different levels of spatial units—
(i) administrative boundaries at the ward level and (ii) 0.0025◦ fishnet level (Figure 2). The
administrative wards are spatially larger than the fishnet zones. A common practice is to
use administrative boundaries as a spatial unit because data are usually available at the
administrative level [52], and planning is also done at the administrative level. Therefore,
we analyzed our results at the administrative ward level so that our results could be helpful
during the planning process. We repeated the same process at the fishnet level because
the smaller units tend to be more homogenous; hence, the results from a smaller division
may be more accurate than those from a larger division [53]. Planners may also get more
ideas about the specific areas that should be prioritized within the administrative ward
boundaries by using the fishnet level analysis.
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We used Equations (2)–(4) to transform the raw data. Transforming data means
changing the format of data representation (e.g., transforming data expressed as count to
ratio, percentage, or density).

ρi =
Pi
Ai

(2)

where ρi is population density per aggregated unit, i is aggregated unit (ward or fishnet),
Pi is population in the aggregated unit i, Ai is total area of each aggregated unit.

GAi =
Agi
Ai

(3)

where GAi is available green area per aggregated unit, i is aggregated unit (ward or fishnet),
Agi is green area within the aggregated unit i, Ai is total area of each aggregated unit.

αji =
∑ β ji

γi
(4)

where αji is area of land use type j per unit aggregated unit area, i is aggregated unit (ward
or fishnet), j is land-use type which is the primary source of emissions in KMC (residential,
industrial, built-up, and barren), βji is total area covered by land-use type j within the
aggregated unit i, and γi is total area of each aggregated unit.

We normalized each variable into an identical range between 0 and 1 (0 being the
lowest and 1 being the highest) using the max-min scaling approach. Normalizing means
assigning the same measurement system to all of the variables to make them comparable.
Due to the absence of relevancy information of each indicator in each unit of analysis, we
assigned the same weight to all of the variables. We then calculated the priority index using
an additive scheme such that the final priority index is a linear sum of the normalized value
of each variable.

2.3. Identifying Potential Solutions

Since KMC is a compact city, there is almost no possibility of establishing new UGS on
the ground. One of the alternatives for this situation may be working on the quality of the
UGS instead of quantity. All UGS may not contribute equally to mitigate the UHI effect
and air pollution, and UGS in a better condition may have more potential for effective
mitigation. We assessed the condition of the existing UGS in KMC by calculating NDVI in
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ENVI Classic 5.5.3. UGS with high NDVI values may be better than those with low NDVI.
Another alternative that can be promoted is rooftop greenery [42]. The top surface area of
buildings approximately gives the roof coverage. Therefore, we calculated the percentage
of roof coverage in the wards that should be highly prioritized based on our priority index.
We did the calculation in Python 3.7 using the building feature class downloaded from
OpenStreetMap [51].

In summary, the methodology consists of three parts: (1) Assessing LST and air
pollution; (2) developing composite priority index; and (3) identifying potential solution.
Figure 3 shows the flowchart of the methodology.
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3. Results

Figure 4 shows LST in KMC for the years 2017, 2018, and 2021. LST is highest in the
Tribhuvan International airport area and towards the city core. The lower limit of the LST
in KMC has increased from 298.06 K in the year of 2017 to 302.87 K and 303.86 K in the
years of 2018 and 2021, respectively. Similarly, the upper limit of the LST in KMC has also
increased from 312.13 K in 2017 to 318.47 K and 319.21 K in the years of 2018 and 2021,
respectively.

Figure 5 shows the Air Quality Index (AQI) monthly trends from three air quality
monitoring stations: the U.S. Embassy, Phora Durbar, and Ratnapark in KMC. The air
quality data from all three stations in KMC shows that air quality is the unhealthiest
during the winter months (December, January, and February). Air pollution decreases
from April to May, and air quality reaches a reasonable level during the summer months
(June–September). Air pollution has an increasing trend from October to the winter.
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Figure 6 shows the priority index for UGS establishment, aggregated at the ward
level (left) and the fishnet level (right). These priority index maps show where UGS
establishment should be prioritized. The results show that wards 4, 5, 7, 10, 12, 31, and
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30 need great attention for UGS establishment. These wards have the highest score in
terms of the composite priority index we developed for mitigating air pollution and the
UHI effect in KMC. These wards that were categorized as very high based on our priority
index are mostly dense residential zones identified by Humanitarian OpenStreetMap
Team and Kathmandu Living Labs [50]. After investigating air quality at sites across
Kathmandu, ICIMOD [49] reported that 87% of PM2.5 emissions come from residential
areas. Furthermore, the proximity of these wards (except ward 12) to the airport and the
low availability of the existing green spaces may be other contributing factors.
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The two spatial units used for the priority index aggregated data at the administrative
ward level and the 0.0025◦ fishnet level, which returned inconsistent results, known as
the Modifiable Areal Unit Problem (MAUP). MAUP is a problem when the spatial data
is adjusted by aggregating, zoning, segmentation, etc., across different boundary defini-
tions [54]. The statistical results may be different due to the different data sets generated for
each boundary definition used, contributing to a bias in the study. Data varies over space,
and aggregating those data on different spatial units—(i) administrative ward level and
(ii) fishnet level, caused variations in our results. For example, ward 3 falls in the medium
priority index based on the ward-level results. Still, areas within ward three falls in the
very high priority index based on the fishnet level results (Figure 6).

Similarly, wards 16 and 13 are categorized as high priorities, while wards 15 and
14 are ranked as medium priorities. Still, the fishnet level results show that these wards
consist of patches of areas belonging to all four categories: very high, high, medium, and
low priority. Those patches categorized as a very high priority in the fishnet level results
may be due to industrial zones in those areas identified by Humanitarian OpenStreetMap
and Kathmandu Living Labs [50]. The map aggregated by wards has not fully taken into
account the areas that should be highly prioritized. However, both the ward level and the
fishnet level results show a similar pattern.

Figure 7 illustrates that the highest value of NDVI in the wards that should be very
highly prioritized based on our result is 0.36, which corresponds to the fact that these wards
have sparse vegetation. The sparse vegetation condition of UGS in KMC may be due to a
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lack of proper management and planning, and we spotted discontinuous patches of open
spaces within green spaces in the high-resolution Google Earth data. If efforts were made
to transition these areas with sparse vegetation to dense vegetation, the UGS in the same
parcel of land would have a better potential for UHI and air pollution mitigation. Therefore,
instead of expanding the coverage of UGS, which is a severe challenge for a compact city
like KMC due to the unavailability of land, resources should be directed towards proper
planning and management for improving the vegetation condition of the existing UGS.
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Figure 8 and Table 2 show the rooftop coverage in the wards that should be very
highly prioritized for UGS establishment. The rooftop coverage percent ranges from 28.36%
to 39.28%, which are very good coverage percents. While all the rooftops may not be
available for UGS, the probability of establishing rooftop greenery looks high with this
good coverage.
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Table 2. Rooftop Coverage in Kathmandu Metropolitan City’s wards that should be very highly
prioritized for Urban Green Space establishment.

Wards Rooftop
Coverage (%)

4 28.36

5 31.47

7 35.80

10 36.90

12 31.71

30 39.28

31 39.21
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4. Discussion

Air pollution is still a serious problem in many urban areas around the world, especially
in the urban areas of developing countries [55,56]. UGS may be used to reduce air pollution
and mitigate the UHI effect. The National Urban Development Strategy (NUDS) 2017
focuses on the use of land and technology in a way that carbon emission and ambient
temperature can be lowered and the UHI effect can be reduced. The NUDS 2017 mentions
that one of the guiding principles for strategizing urban development is ensuring that the
city is green and cool [57]. For this purpose, specific areas within KMC need UGS more
than others, and our result indicates where such regions of high need are located. While the
need for prioritization is essentially the interactive product of physical, social, economic,
and contextual factors, this research only captures the physical aspect. Nepal is one of the
developing countries where data collection, recording, documentation, and distribution
have not yet been achieved, while the other regions of the world are effectively making
data-driven decisions. Not much social and economic data are available in KMC for more
accurately evaluating UGS prioritization. This research used the proxy indicators extracted
from land use and land cover data using remote sensing techniques to develop a composite
priority index, which only addresses some physical aspects for UGS prioritization evaluation.
This method can be replicated and used in other parts of the world with similar data issues.

Considering how the result changes with the change in spatial scales of analysis and
aggregation is important. This research includes two different levels of spatial units—the
administrative wards and 0.0025◦ fishnet zones. Inconsistencies were generated between
the results using these two different spatial units. Regardless of the variations, both results
may play essential roles during the planning process. The ward-level results may be used
when planning for wards of the entire KMC, whereas the fishnet-level results may be used
when planning is done within wards. Seven out of 32 wards in KMC are in high need of
UGS. These wards are located in dense residential zones, areas with small existing green
spaces, or areas close to the airport.

There are two possibilities for the wards that should be highly prioritized to establish
UGS in KMC. First, the vegetation conditions of the existing green spaces in KMC should
be improved. Our results show that the existing green spaces in KMC are very small. If
these existing small green spaces with sparse vegetation coverage were converted to ones
with dense vegetation coverage, the use of the same land would have more contributions
to mitigating the UHI effect and air pollution. The overall resiliency to air pollution and
heat problems may be improved by compacting multi-layers of diverse plant species based
on their mitigation potential [32]. Trees, among other plants, have more capacity to filter
air pollutants and relieve heat stress [32]. Second, the roofs of buildings may be utilized
to establish green spaces. This way, land can be used more efficiently as the same piece of
land has dual uses—the buildings’ current purpose (residential or commercial) and rooftop
greenery. Baniya et al. [42] suggested that green roof techniques should be practiced to
mitigate the UHI effect in Kathmandu. We encourage the establishment of rooftop greenery
starting from the wards with very high priority indices. Incentives could help stimulate the
residents of KMC to establish rooftop greenery in their houses. Considering these potential
ways in the planning process may help to minimize the current environmental problems in
KMC, such as the UHI effect and the air pollution.

One of the limitations of our study is that the results are only effective if the target is to
establish UGS in KMC to mitigate air pollution and the UHI effect. We prioritized the areas
in KMC by assuming that establishing UGS in those areas will only contribute to mitigating
the overall air pollution and the UHI effect in KMC. Planning based on our results for the
other benefits of UGS, for example, mental health, natural hazards, and aesthetic values
will not be effective. This is because we included the context-specific indicators during the
development of the priority index. Our purpose here is to minimize air pollution and the
UHI effect. In addition, considering the excellent coverage of the rooftop in KMC, as shown
in our result, the possibility of rooftop greenery flourishing in KMC looks high. However,
establishing rooftop greenery is more than just having space on the roof. The decision on
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this is primarily influenced by other factors, e.g., the building owner’s priority of the use of
space, social and cultural acceptance, type of building material, plant species, etc. Further
research needs to be undertaken to assess the potential of rooftop greenery in KMC in the
near future.

5. Conclusions

Considering the importance of reducing the UHI effect and air pollution in KMC, and
the role of UGS in heat and air pollution mitigation, we prioritized areas in KMC for UGS
establishment so that the UHI effect and air pollution can be mitigated by developing a
composite priority index. We also proposed potential ways to increase greenery in the high
need wards according to our priority index. Since the NDVI of the existing UGS is very low,
the first step should be improving the quality of existing UGS rather than increasing the
quantity. This may be done by converting the existing sparse vegetation to dense vegetation,
planting trees as they have exceptional heat and pollution mitigating potential over other
types of plants, or multi-layering plant species. Findings also show that the high need wards
have good rooftop coverage, and that rooftop greenery should be promoted.
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