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Abstract: The study sheds light on the impact of urbanization on fragile ecosystems such as the
western Himalayas. We use Haldwani in Uttarakhand as an example of human encroachment and
loss of ecosystem services. Several environmental parameters such as Nighttime light (NTL), Land
Surface Temperatures (LSTs), Aerosol Optical Depth (AOD) and forest cover are used based on
satellite imagery to allow a bidecadal comparison (between 2000 and 2020) of the status of these
parameters for the city based on these parameters shows a decline in ecosystem services. Significant
statistical differences for LSTs and AOD (p < 0.001) can be found in the bidecadal comparison.
Furthermore, a strong negative correlation was found between LST-NDVI (r = -0.69) and between
NTL-NDVI (r = -0.58) in earlier and last decade intervals. In addition, long-term multi-spectral
satellite imagery also shows a decline in tree cover in the reserved forest. Therefore, focusing on
ecosystem services related to tree cover in reserved forest areas, particularly in the Indian
Himalayan Region (IHR) must be part of a broader action plan to address these issues to further
protect fragile Himalayan ecosystems.
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Introduction

Although there is a general impression that total national forest cover in India appears to be
increasing quantitatively, recent estimates show that forest quality is declining in certain areas (Balaji
and Sharma 2022). The western Himalayan ecosystem is remarkably fragile due to the complex
geological, climatic, demographic, economic and, steep terrain (Sinclair and Ham 2000; Sidhu and
Surya 2014; Bhattacharya et al. 2017; Vindhya et al. 2017). Furthermore, satellite observations in the
Himalayan region showed a significant negative correlation between Enhanced Vegetation Index
(EVI) and Aerosol Optical Depth (AOD), and a high positive correlation between Land Surface
Temperature (LST) and AOD (Tariq et al. 2021).

The rapid urbanization in Indian cities needs to be monitored with satellite based datasets such
as LSTs, vegetation, land cover, AOD etc., as mentioned in several studies on fast developing Indian
cities (Bangalore, Sussman et al. 2019, Ramachandran et al. 2012; Dehra Dun, Mishra and Arya 2023).
Increasing urbanization and rising LSTs are positively related as shown by linear regression analysis
in studies using construction indices and LSTs (Swain et al. 2017, Kumari et al. 2018, Chetia et al.
2020).
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Satellite images are used for a variety of topics to clarify environmental processes. The focus of
these studies was on the use of remote sensing to assess how environmental characteristics affect
population distribution and abundance, or specific behaviors. Johnson-Bice et al. (2023) used NDVI
in the tundra to assess how denning activity in arctic fox (Vulpes lagopus) affected the landscape,
particularly vegetation heterogeneity, and ecosystem dynamics. Furthermore, it was found that the
species composition of urban gardens influences the phenology of vegetation and does not reflect
species in natural areas (Alonzo et al. 2023). This change in phenometry suggests that the response of
these plant species to a variety of human-caused pollutants (COz, heat island effect, etc.) in urban
areas is species specific, and needs to be studied individually. Further, deforestation as observed in
Haldwani, can result in top-soil loss through erosion and loss of nutrients through increased
microaggregate bioavailability compared to the forested areas (Siebers et al. 2018), and heat-islands
(Barghava et al. 2017). In Siberia, clear-cutting led to increased soil thawing and heat flux (Iwahana
et al. 2005).

Haldwani is a rapidly urbanizing city in the Indian Himalayan Region (IHR) and therefore exerts
significant anthropogenic pressures on water and land resources, particularly through increased
development (Rawat et al. 2014) and declining forest quality i.e., the conversion of forests to
shrubland (Habeeb et al. 2019). In addition, satellite data-based studies on Haldwani were conducted
at daily intervals using MODIS-LST datasets. However, the resolution of these datasets has a spatial
resolution of 1 km (Bhatt et al. 2018) and may not be suitable for analyzing multi-temporal changes
for small forest areas. In addition, a satellite-based assessment was conducted in Bangladesh, where
pressures such as increased refugee settlement resulted in the loss of around 8000 Ha of forest in
protected and non-protected forest areas (Hassan et al. 2022). Additionally, NDVI-based assessments
were used to understand vegetation response to similar anthropogenic pressures such as land
fragmentation, deforestation, pollution, and urbanization of natural areas (Raju et al. 2022).

According an image processing-based study using Landsat Satellites datasets (Pandit et al. 2006),
dense forest cover in the western Himalayas is projected to decrease from 76.2% (2000) to 38.7%
(2100). In addition, urbanization increases the pressure on surrounding forests in the Indian
Himalayan region (Hassan et al. 2021); and in a more local context in Haldwani, activities such as
clear-cutting due to forest degradation can be identified using satellites based on SAR and multi-
spectral data (Khati et al. 2018).

Furthermore, Night Time Light (NTL) has been used only for the largest metropolitan areas in
India (Tamil Nadu; Sudalayandi et al. 2021), (Delhi; Ghosh et al. 2020), (Kolkata and Mumbai; Stokes
and Seto 2019) to monitor urban growth and changes. In addition, a study also combined the analysis
of AOD and NTL for Indian urban areas where NTL is used to represent economic or human activities
(Misra and Takeuchi 2016).

The comparison between temperatures and NTL was made because it is of great importance in
the context of urbanization, as urban and peri-urban areas are affected by climate change, since the
use of NTL is crucial for understanding urbanization patterns (Paranunzio et al. 2019).

Our goal is to understand the changes in AOD and LSTs in suburban areas, specifically the
increasing AOD and LSTs associated with urban sprawl over the past decade observed in similar IHR
cities like Jammu (Varade et al. 2023). The importance of MODIS AOD is important in urban areas as
there is a high correlation between AOD and PMio, usually indicating that improving air quality often
leads to health and economic benefits (Kim et al. 2019). Moreover, due to the rapid urbanization and
industrial activities in cities like Chennai, a MODIS-based AOD study was conducted showing that
the AOD can also be used as a surrogate measure of PMzs (Raju et al. 2016). However, AOD should
not always be linked to the degree of urbanization as it is also important to understand the sources
of AOD separately (Xue et al. 2019). Regardless of other impacts, AOD must be associated with a
change in forest vegetation as many tree species such as Ficus virens and Ficus religiosa have a high
tolerance to, and good at trapping, air pollution and dust (Chaudhary and Rathore 2019).

Furthermore, it was found that the relationship between LSTs in vegetation density reversed
significantly based on the NDVI, so areas above 35°C could be observed in IHR cities like Dehradun
over a two-decade period between 1999 and 2019, which increased by 1.68% to 39.75%, along with a
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decrease in NDVI (Mani et al. 2021). In addition, NDVI and LST show a negative correlation for
different land cover types. Therefore, their combined use to monitor urbanization and its impacts is
important (Marzban et al. 2018).

Therefore, we want to investigate how the increasing urbanization of the Himalayan city affects
the regional environment, including through the decline of forest vegetation, rising temperatures and
aerosols.

Methodology

The purpose of this study is to assess the environmental impact of urbanization in the
Himalayan city of Haldwani using satellite observations and geographic information system (GIS)
techniques (Figure 1). The primary data sources for this study include Landsat land surface
temperatures (LSTs), forest vegetation changes (canopy density), MODIS aerosols, and Normalized
Difference Vegetation Index (NDVI) data over a two decade period. Google Earth Engine is used as
platform for all data processing and analysis and visualized in QGIS Open Source Environment
where charts are presented with statistical software R. Bidecadal analysis with 4-year mean
calculation to understand the difference for a 2-decade period.

Study Area:

Study Area Map of Haldwani City
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Figure 1. Map of the study area showing the city of Haldwani and the surrounding forests.

The study focuses on the city of Haldwani, which is located in the Bhabar region of the Kumaon
Division in the Indian state of Uttarakhand. According to the Koppen-Geiger climate classification,
Haldwani in Uttarakhand, India is classified as a humid subtropical (Cwa) climate. This means that
the region experiences warm summers, mild winters, and significant rainfall throughout the year
(Peel et al. 2007). Therefore, for the purpose of analysis, the city has been divided into macro-zones,
viz. Forest and non-forest to observe zonal differences.

Data Collection & Processing:
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LST: The LSTs are calculated based on the Thermal Infrared bands (TIR), i.e., 10.4-12.5 um
Band 6 of the Landsat 4-5 Thermal Infrared Sensor (TIRS) and Landsat-8 TIRS Band 10. The LSTs are
used to identify urban heat island effects by calculating average temperatures in urban and non-
urban areas. To calculate the mean LST, statistical analyses were also performed for the periods 1998-
2002 and 2018-2022 to determine the significance of the observed differences.

Change in Forest Cover: Hansen et al. (2013) developed a technique utilizing Landsat-level
datasets for change detection algorithms used in this study using GEE in this study to determine the
temporal changes in canopy density. The change in canopy density was assessed by comparing forest
vegetation cover from different time periods between two decades (2000-2020). In addition to the
change in forest cover, a canopy density of >50% was also assessed as a significant change in
forest/vegetation cover.

MODIS Aerosols: MODIS Aerosol Optical Depth (AOD), a unitless ratio, is collected using GEE
from NASA’s Earth Observing System Data and Information System (EOSDIS) database. This is
where the MODIS AOD at 470 nm comes into play. The MODIS AOD data was analyzed to determine
spatial and temporal patterns of aerosol concentrations. Statistical analyses, including correlation
analyzes with other variables, are performed to understand the relationship between aerosols and
urbanization. The periods 2000-2004 and 2018-2022 were used for the analysis to calculate the AOD
mean. The values are not scaled from 0 to 1 to better understand and visualize the differences between
years.

NDVI: The mean NDVI was calculated specifically for the Landsat 4-5 and Landsat 8 collection
using GEE. NDVI is a vegetation index used to monitor changes in vegetation health and density
(Kinyanjui 2011; Bellone et al. 2010). Mean NDVI values are calculated for different land cover classes
(forest and non-forest) to assess changes in vegetation health and density over time.

NTL: The mean NTL irradiance was determined from the VIIRS Stray Light Corrected
Nighttime Day/Night Band Composites Version 1 collection using GEE. This collected flare data is
extremely useful as flare affects the quality of night light data in almost 25% of the available images
(Chen and Nordhaus 2019). Since this data is not available until after January 2014, we considered
the 2014 data to be representative of the previous decade and the 2023 data to be representative of
the last decade interval.

Statistical Comparisons:

Based on the Wilcoxon test, p-values were determined to understand significant differences
using two comparison categories: i) zone (i.e. forest vs. non-forest) ii) period (bidecadal periods:
current vs previous). In addition, we observe the value distribution of the variables for these two
comparison categories using density plots with mean values.

The scatterplot matrix is also used to understand the statistical correlation and distribution of
the data values to find further significance.

Results

LST. The comparison between the two decades showed increasing LSTs between 2000 and 2020
especially in the central and southern part of Haldwani (Figures 2 and 3).
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Mean Land Surface Temepratures (LSTs) Map of Haldwani City (1998-2002)
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Figure 2. Mean LST Map (1998-2002).

Mean Land Surface Temepratures (LSTs) Map of Haldwani City (2018-2022)
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Figure 3. Mean LST Map (2018-2022).
We found significant spatial differences in the LSTs between zones, i.e., forest and non-forest

(Figure 4). The mean LSTs for the non-forest zone (30.3°C) are almost 3°C higher than the forest zone
(27.4°C) on average of the bidecadal LST data sets.
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Zone-wise distribution of LSTs (in °C)
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Figure 4. Zonal distribution of LST (in °C) with mean line (Bidecadal comparison: Previous = 2000;
Recent 2020).

Furthermore, there were highly significant LST differences (p < 0.001) in the LSTs in the decade
years (2000 and 2020; Figures 5 and 6).
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Figure 5. The statistical significance of LSTs in the bidecadal years.
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Decade-wise distribution of Aerosol optical depth (AOD) values
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Figure 6. Bidecadal yearly comparison and distribution of LSTs (in °C) with mean lines (Bidecadal
comparison: Previous = 2000; Recent 2020).

AOD. A comparison between the two decades showed an increase in aerosols between 2000 and
2020. The southern part of Haldwani with forest area experienced a drastic increase in AOD (Figures
7 and 8).

Mean Aerosol Optical Depth over land Map (2000-2004)
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Figure 7. Mean Aerosol Optical Depth Map (2000-2004).
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Mean Aerosol Optical Depth over land Map (2018-2022)
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Figure 8. Mean Aerosol Optical Depth Map (2018-2022).
Bidecadal analysis of AOD showed that the last decade (2020) had higher mean AOD scores

(451.2; 0.45 with scaled values) than the previous decade (2000), which had lower mean AOD scores
(418.6; 0.41 with scaled values; Figure 9).
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Figure 9. Comparison of the AOD among the Bidecadal years.

We found significant differences (p < 0.001) in AOD between the decades (2000 and 2020).
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NDVI. Both a bidecadal and a zonal comparative analysis were performed for NDVI. Bidecadal
comparison showed a decrease in mean NDVI in the last decade-year (2020) compared to the
previous decade-year (2000), clearly indicating a decrease in vegetation in Haldwani in general

(Figure 10).

Decade-wise distribution of NDVI values

Decade
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density

'
0.8

'
0.6

02 04
NDVI
Figure 10. Bidecadal yearly comparison and distribution of NDVI values with mean lines.

In addition, zonal differences in NDVI values were found, as expected (Figure 11).

Zone-wise distribution of NDVI values
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Figure 11. Zonal distribution of NDVI with mean lines of forested and non-forest areas.

In addition, the total forest cover loss in Haldwani was estimated at 4653.9 hectares (Figure 12)
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Tree Cover Loss Map of Haldwani City (2000-2022)
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Figure 12. Tree cover loss (in red) showing areas with more than 50% tree canopy density (2000-2022).

NTL

The two decade comparison showed a significant increase in NTL in the last decade, 2020,
compared to the previous decade. In addition, comparison of the correlation matrix shows a
significant negative correlation between NTL and NDVI, meaning that an increase in NTL is
accompanied by a decrease in NDVI.
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Figure 13. Mean NTL radiance Map (2014).
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Mean Nightime Light Radiance Map (2023)
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Figure 14. Mean NTL radiance Map (2023).
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Figure 15. Correlation matrix showing scatter plots, density plots and correlation significance values
between the variables for ecosystem services.

The correlation matrix shows a significant negative correlation (r = -0.58) between NTL and
NDVI, suggesting effects of urbanization on vegetation decline mainly in non-forest areas, but not
excluding the forest areas, especially in recent years. In addition, a strong negative correlation (r = -
0.75) was found between LST and NDVI, suggesting that LST increased when NDVI decreased in
both decades.

Discussion

We compared LSTs, AODs, and tree cover losses for bidecadal analysis for interval years 2000
and 2020. In addition, we assess zonal differences in LSTs and NDVI, while zonal analyzes of AODs
were avoided due to relatively lower resolution. Our results suggest that in a fragile ecosystem,
urbanization has led to a decline in ecosystem services such as increased LSTs and AODs and a
decline in forest cover.

The mean LSTs show a high statistically significant increase (3°C) in the two decades in
Haldwani as well as in the forest zone. This discrepancy was also noted in urban canopy loss (UTC)
where LSTs increased in Haldwani. The UTC-range in which the peak increased was between 1 and
6°C (Elmes et al. 2017). Furthermore, the increase in LSTs is associated with UHI, increased carbon
emissions (CE) and a decrease in forest cover, leading to reforestation and urban greening practices,
which was recommended in a comprehensive mitigation study (Rahaman et al.2022). Similarly,
increased urbanization also resulted in elevated LST and surface urban heat-island (SUHI) effects at
Dehra Dun (Mishra and Arya 2023).
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The loss of tree cover of 4653.9 ha also suggests that many dense tree stands in the forest zone
have declined, which is also confirmed on the Global Forest Watch (GFW) portal, making Haldwani
one of the few Indian cities where trees of this size have been lost (GFW 2023). In addition, the
historical (2004-05) occurrence of forests of teak (Sagon; Tectona grandis), North Indian rosewood
(Shisham; Dalbergia sissoo), Eucalyptus spp., and Catechu (Khair; Capparis decidua) was confirmed on
toposheets of the Survey of India (SOI)(SOI 2023). As already mentioned, this forest loss was also
observed in a study using SAR datasets (Khati et al. 2018).

This loss of forest cover is of particular concern as urban areas are rapidly expanding into natural
areas, leading to heat islands (Weeks et al. 2010). This loss of vegetation and increase in urban
infrastructure may lead to increased heat stress in human-modified areas, such as in the Jhalana
Reserve Forest surrounded by the city of Jaipur (Yosef et al. 2022). Furthermore, this “development”
of wilderness areas and forest stands in rural areas can also pose a threat to biodiversity (Karimloo
et al. 2023). The growing season lasted longer in urban vegetation than in wild North American
deciduous forests (Jochner and Menzel 2015). Urban areas are heavily managed and very
heterogeneous in their site factors and vegetation composition (Alonzo et al. 2023). This impairs
ecosystem services for residents (Zhang and Brack 2021), and alters the heat balance between urban
and wild areas (Yosef et al. 2022). We also confirm a dramatic increase in AODs. The increasing AOD
values indicate increased anthropogenic activities over the two decades, such as industrial and other
man-made infrastructure developments (Yadav et al. 2021). Since AOD at 470 nm was used in this
study, it already has good detection accuracy and can therefore be used to estimate aerosols in urban,
industrial, and biomass burning areas (Chu et al. 2002). Our study provides a template for a variety
of similar applications to better understand the role of urbanization and climate change on ecosystem
dynamics, with a focus on human-populated areas.

Table 1. List of reductions in ecosystem services based on the change in the four parameters of this study.

Increasing LST Increasing AOD  Forest Cover Loss Increasing NTL

Disturbances of

. : . . interactions of
Decreased outdoor  Potential decrease inReduced shading and cooling

1 thermal comfort air quality (Gupta et effect (Pandit and Laband Z:;T;‘:CI:IT;S
(Tahooni et al. 2023) al. 2013) 2010) (Longcore and Rich
2004)
Disruption of
. line i
Increased energy Decreased sunlight Habitat loss and disturbance nutrient cycling in

2 demand for cooling for photosynthesis for wildlife (Rodriguez- waterbodies due to

(Yangetal.2020)  (Rapetal.2015)  Gomez et al. 2022) ;flierft;fsthh;z‘e o
al. 2000)
Heat Stress on Uncertain effects on Potential disruption of local ~Threats to
3 Vegetation (Carlan et ecosystem dynamics weather patterns (Whitmore pollination services
al. 2020) (Liu et al. 2020) and Sayer 1992) (Potts et al. 2011)

Conclusion

From the results of this study, we can conclude that maintaining tree cover, particularly in
protected forests, is critical to maintaining low Land Surface Temperatures (LSTs) and protecting
local tree species. In addition, it is imperative to consider the effects of urbanization, such as the
escalation of Aerosol Optical Depth (AOD), to identify the underlying causes, including vehicle
pollution, industrial activities, and other development practices. In addition, priority should be given
to promoting tree species that show better LST regulation, NTL diffusion reduction and AOD
tolerance near urban areas. Overall, it is imperative to remain vigilant against the urbanization of
these vulnerable ecosystems and to have a strong focus on the protection of ecosystem services in the
IHR Action Plans.
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