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Abstract: Although Land Surface Temperatures (LSTs) are on the rise globally, the distribution of
LSTs varies depending on the land cover type. Urban Heat Island and Urban Cool Island effects act
differently, especially in semi-arid regions. Therefore, we identify demi-decadal, seasonal, and zonal
differences in LSTs in a semi-arid region in the city of Jaipur, where zones include rural and urban
areas that encircle the Jhalana Reserve Forest (JRF). After deriving LSTs from remotely sensed thermal
bands of Landsat satellites’ Multi-spectral datasets, we found that there is a significant difference
in LST (p < 0.01) among the zones. In addition, LSTs were found to be significantly lower in JRF
compared to Urban and Rural areas in all seasons and all study years, which indicates the urban
cooling effect due to the presence of the forest. Nevertheless, summer LSTs have warmed with a
mean difference of 4.8 ◦C between 2000 and 2020. Therefore, our study supports the promotion of
Urban Forests, especially in semi-arid zones, for inculcating LST regulation ecosystem services to
enrich and enhance the standard of living of the human population.

Keywords: Land Surface Temperature; Jaipur; Jhalana Reserve Forest; urban; rural; island forest

1. Introduction

Anthropogenic activities have resulted in extensive changes in land use patterns
(industrialization, urbanization, deforestation, agriculture diversification, etc.), which
further alter regional micro-climates [1]. One of the most conspicuous is the Land Surface
Temperatures (LST) which are on the rise globally. LST is defined as “the temperature felt
when the land surface is touched with the hands” [2]. Urbanization is one of the major
factors contributing to the change in land use and land cover (LULC) patterns and which
plays a role in the regulation of regional or local climates [3,4].

The Urban Heat Island (UHI) is “a phenomenon whereby temperatures within a city
or large towns are often significantly higher than those of surrounding rural areas” [5–7].

UHI effects are observed in most of the urban areas of the world [8–14] and in Indian
cities as well [15–17]. In contrast, urban areas or the city cores with extensive vegetated
areas exhibit the Urban Cool Island (UCI) effect, wherein the daytime surface temperatures
are lower than the surrounding anthropogenically modified areas [18,19]. The phenomenon
has not been extensively studied, especially in arid and semi-arid areas [20–22].

Vegetation density has been shown to have a strong negative correlation with LSTs and
vice versa [23–27], wherein vegetation reduces the intensity of the UHI effect by providing
evapotranspiration and shade cooling, i.e., UCI [28,29]. Similarly, urban forests are respon-
sible for significantly reducing the UHI effect, especially during warm periods [30–32].

Irrigation in the semi-arid area affects LSTs significantly [33,34]. For example, irrigated
paddy fields in semi-arid regions of Jilin province of China, studied between 2005–2017,
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with data collected from regional land-use, remote sensing, and metrology analyzed LST
changes, with radiative and non-radiative changes, found the largest temperature change
during the dry summer months of July and August. Irrigated fields also displayed strong
negative correlations with LSTs [34]. Further, amongst the most significant mitigants of
UHI and related health risks were ecological services provided by urban forests [35,36].
Ecosystem services are defined as those benefits which are obtained by humans as a
product of an ecosystem function [37]. Ecosystem services are also the end products of
some ecosystem function which is valuable to human populations in a beneficial way, such
as climate regulation or recreation [38]. It was shown that although green areas reduce LST
when they are not cultivated, the LST values increase considerably.

Jaber and Abu-Allaban [39] studied MODIS-based daytime and night-time LSTs for
Jordan with semi-arid to arid environments and found the highest LST values in June
and lowest in December. They also found that human populations had a greater effect
than natural factors (elevation). In another study in the semi-arid cities of Ahmedabad
and Gandhinagar in India, based on 12 MODIS satellite images, LSTs were analyzed
with Normalized Difference Vegetation Index (NDVI), Normalised Difference Builtup
Index (NDBI), and Impervious surface fraction (ISF); and developed a model based on
these indices to improve the correlation of the LSTs between the day and the night. UHI
effect was observed during the night in both cities [40]. Guha and Govil [41] studied the
spatiotemporal relationship between LST and NDVI for Raipur (21.2514◦ N, 81.6296◦ E),
which is in a tropical wet (Savannah) type climatic region of central India. To measure the
LST and NDVI, cloud-free Landsat data of the pre-monsoon season from 2002–2018 were
analyzed, and strong negative relationships between LSTs and NDVI throughout the study
area were found. However, negative values of NDVI showed a positive and inconsistent
relationship of LST-NDVI [41]. Similarly, in another study in Jordan, based on a one-
year (2017) MODIS data set, results indicated a weak relation between LST (diurnal and
nocturnal) and NDVI for the four different seasons (winter, spring, summer, and fall) [42].
However, they did find significant variation between the seasons and land cover class or
vegetation classification (cropland, grassland, urban areas, and barren land). Further, the
surface UCI effect was observed during the daytime in the urban areas. These studies
stress how anthropogenic activities affect LST distribution while natural vegetation helps
regulate and even reduce LST.

The fact that vegetated areas, whether as cultivated fields or urban parks, reduce LST
in human-dominated landscapes shows that LST can be regulated to suit human comfort
zones. Hence, our objective was to quantify the effect of a relatively large urban forest,
which is a protected area, on the urban micro-climate of the surrounding urban areas in a
hot semi-arid climatic region. We undertook a quantitative analysis of the relationships
between the three zones to examine the seasonal effects of LST. We hypothesized that the
forest area, now encircled by the conurbation of the city of Jaipur and other rural villages,
will accord ecosystem services to the residents by acting as a heat sink.

The ecosystem services associated with JRF are listed below (Table 1). These services
are based on published literature related to JRF.

Table 1. List and types of ecosystem services mentioned or obtained through recent studies.

Provisioning Services Regulating Services Cultural Services

Food Disease regulation [43,44] Eco-tourism and recreational aesthetics [45]
Fuel Wood Trimming of dead branches Private consumption

Fodder for domestic animals Nutrient Cycling [46] Spiritual and religious [47]
Medicinal Resources Climate regulation (based on current study) Scientific and Educational [48]

Public Health Disease prevention Medical and hygiene [44]
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2. Materials and Methods
2.1. Study Area

Our study compared LSTs of the Jhalana Reserve Forest (JRF; 26.8619◦ N, 75.8171◦ E;
also named the Jhalana Leopard Reserve) and the conurbation of Jaipur, Rajasthan, India
(Figures 1 and 2). Jaipur is the capital city of the state of Rajasthan. JRF was once the private
hunting grounds of the Maharaja of Jaipur and was declared a protected area in May 2017.
It has a total area of 29 km2 and is now a green island encircled by the city of Jaipur [43–45].
Jaipur and all the satellite villages combined have an estimated population of 5 million
residents. During the 1980s, the main valley was planted with Acacia tortilis and Acacia
senegal. Altitudes vary between 280 m in the South to 530 m in the North-East. JRF has
no buffer or core areas and only has a 2 m wall with a 3 m fence above it that separates
the forested area from the urban neighborhoods and villages. JRF is characterized by a
tropical dry deciduous forest. The climate of this region is described as Semi-Arid Hot
Steppe Climate (Bsh) by the Köppen–Geiger climate classification [46].
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Figure 1. Map of the study area showing the Urban (red), Rural (blue), and Jhalana Reserve Forest
(green) zones of the conurbation of Jaipur.

The IMD (Indian Meteorological Department) records the meteorological variables
continuously at weather stations, including at Jaipur (Sanganer) weather station Table 2 [49].

Table 2. The average maximum and minimum ambient temperatures (◦C) and average precipitation
for the conurbation of Jaipur.

Season Avg. Max. Temp. (◦C) Avg. Min. Temp. (◦C) Avg. Precipitation (mm)

Monsoon 33.8 24.8 145.4
Summer 39.2 25.5 25.2
Winter 27.9 13.3 8.9



Forests 2022, 13, 1101 4 of 16Forests 2022, 13, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 2. Aerial photograph (Google Earth) of the study area showing the Urban, Rural, and Jhalana 
Reserve Forest (green) zones of the conurbation of Jaipur. 

The IMD (Indian Meteorological Department) records the meteorological variables continuously at 
weather stations, including at Jaipur (Sanganer) weather station Table 2 [49]. 

Table 2. The average maximum and minimum ambient temperatures (°C) and average precipitation 
for the conurbation of Jaipur. 

Season Avg. Max. Temp. (°C) Avg. Min. Temp. (°C) Avg. Precipitation (mm) 
Monsoon 33.8 24.8 145.4 
Summer 39.2 25.5 25.2 
Winter 27.9 13.3 8.9 

2.2. Data Collection 
Mean daytime LST data were utilized for this study for three different seasons, i.e., 

summer, monsoon, and winter, of every fifth year, i.e., encompassing a total of 15 seasons 
over 20 years (2000, 2005, 2010, 2015, and 2020). We considered summer to be from April 
to June, monsoon from July–September, and winter from October to March. 

For LST measurement and analysis, various methods and approaches have been ap-
plied by different authors [50–52]. Satellite sensor data of Landsat–5 (Thematic Mapper), 
Landsat–7 (Enhanced Thematic Mapper Plus), and Landsat–8 (Operational Land Imager 
and Thermal Infrared Scanner) imagery are utilized for measurement of surface tempera-
ture and analyzing biophysical parameters [53]. ASTER (Advanced Spaceborne Thermal 
Emission and Reflection Radiometer) and MODIS (Moderate Resolution Imaging Spec-
troradiometer) satellite data were also used to measure LST in Saudi Arabia [54]. MODIS 
has the advantage that its night-time data is able to identify UHI effects in these areas. 
However, because MODIS has a very low resolution as compared to Landsat LST data, 
we chose Landsat thermal bands based LST computations for our analyses. 

2.3. Data Processing 
In this study, we used a mono-window algorithm to derive LSTs from Thermal bands 

of Landsat sensors. Thermal bands for Landsat 5 and 7, i.e., Band 6 (10.40–12.50 μm wave-
length), were used for retrieving LSTs for the study years 2000, 2005, and 2010, whereas 
for Landsat 8, Band 10 (10.6–11.19 μm wavelength) was used for 2015 and 2020. As 

Figure 2. Aerial photograph (Google Earth) of the study area showing the Urban, Rural, and Jhalana
Reserve Forest (green) zones of the conurbation of Jaipur.

2.2. Data Collection

Mean daytime LST data were utilized for this study for three different seasons, i.e.,
summer, monsoon, and winter, of every fifth year, i.e., encompassing a total of 15 seasons
over 20 years (2000, 2005, 2010, 2015, and 2020). We considered summer to be from April to
June, monsoon from July–September, and winter from October to March.

For LST measurement and analysis, various methods and approaches have been ap-
plied by different authors [50–52]. Satellite sensor data of Landsat–5 (Thematic Mapper),
Landsat–7 (Enhanced Thematic Mapper Plus), and Landsat–8 (Operational Land Imager
and Thermal Infrared Scanner) imagery are utilized for measurement of surface tempera-
ture and analyzing biophysical parameters [53]. ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer) and MODIS (Moderate Resolution Imaging Spec-
troradiometer) satellite data were also used to measure LST in Saudi Arabia [54]. MODIS
has the advantage that its night-time data is able to identify UHI effects in these areas.
However, because MODIS has a very low resolution as compared to Landsat LST data, we
chose Landsat thermal bands based LST computations for our analyses.

2.3. Data Processing

In this study, we used a mono-window algorithm to derive LSTs from Thermal bands
of Landsat sensors. Thermal bands for Landsat 5 and 7, i.e., Band 6 (10.40–12.50 µm
wavelength), were used for retrieving LSTs for the study years 2000, 2005, and 2010,
whereas for Landsat 8, Band 10 (10.6–11.19 µm wavelength) was used for 2015 and 2020. As
Landsat 7 had an SLC (Scan Line Corrector) failure since May 2003, the gaps in the images
were also filled using average NDVI, i.e., mean cell raster value of different images of the
respective seasons but of variable date using ‘Cell Statistics’ tool in QGIS. All these bands
were resampled to 30m resolution for uniformity in analysis. Additionally, interpolation
was performed to fill the ‘no data’ gaps (no data may have resulted from cloud cover)
in a few of the LST rasters wherever required. Basically, all the suitable Landsat images
available during the respective seasonal periods were taken, and their mean was derived
by using raster cell statistics mentioned earlier.

Further mosaicing and subsetting were carried out as required for deriving LST rasters
fitting in the study area. The quantile method was used for the visualization of LST maps.
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2.4. Data Analysis and Analysis Categories

In addition, the analysis was conducted based on administrative zones in order to
elucidate the zone variability of the LSTs. Zones were delineated based on digitization and
procurement of vector data. The city boundary was used to delimit the urban areas, and
the remaining Jaipur Tehsil (administrative division outside the city limits) was considered
a rural zone. The JRF boundary was vectorized prior to analysis for a separate zone. Thus,
we made a comprehensive assessment of LSTs for the Jaipur region based on demi-decadal,
seasonal and zonal variations analysis. The demi-decadal analysis included analysis for
the Summer, Monsoon, and Winter seasons in each of the 5 years, and the seasonal analysis
included the data mentioned for each season. Lastly, Zonal analysis refers to spatial
variations of LSTs based on the three zones (Table 3).

Table 3. Land Surface Temperature analysis types and components.

Analysis Type Components

Demi-decadal Years: 2000, 2005, 2010, 2015, 2020

Seasonal Seasons: Summer (April–June), Monsoon
(July–September), Winter (October–March)

Zonal Urban, Rural, Jhalana Reserve Forest

2.5. Statistical Techniques

For statistical analysis, 100 random points (i.e., 300 random points for each LST map)
were included in the study for each zone for all years and seasons. Random points spread
across the zones were generated, pixel-based values of LSTs were extracted and tabulated,
and statistical analysis was conducted. Density plots were prepared to understand the LST
distribution according to all the three analysis types, i.e., seasonal, zonal, and year-wise.
Moreover, category-wise p-values were computed using the Kruskal-Wallis ANOVA test to
check for statistically significant differences between the category values since the data does
not have fixed parameters and hence cannot be modeled because it is sample observation
data from satellite imagery. The significant difference threshold was set as p = 0.01. All
statistical analyses were performed in R-statistical software [55], whereas all the geospatial
processing and analysis were carried out in QGIS open-source environment [56].

3. Results
3.1. Zonal Analysis

Cumulative zone-wise distribution of LSTs of the study zones was compared season-
ally based on raster sampling points of all years included in the study. During the monsoon
season, LSTs were highest in the urban areas (26.3 ◦C ± 2.6 SD), followed by the rural zone
(25.9 ◦C ± 2.9 SD), and lowest in JRF (23.7 ◦C ± 2.6 SD; Figure 3).

We found that rural and urban LSTs, although statistically significant (p < 0.01), were
not as pronounced in the Monsoon season (p = 0.048; Figure 4) as in the summer or winter.

During the summer, LSTs of the rural zone were highest (39.2 ◦C ± 3.3 SD), the urban
area was (37.4 ◦C ± 3.01 SD), and the lowest was the JRF (36.7 ◦C ± 3.2 SD; Figure 5).

In all three seasons and zone-wise comparisons, there were highly significant differ-
ences (p < 0.01) in LSTs, except for the rural zone in the summer, where it was slightly less
(p = 0.011) than the highly statistically significant difference threshold (Figure 6).

During the winter, LSTs of the rural areas (22.9 ◦C ± 2.4 SD) were usually higher than in
the urban areas (21.08 ◦C ± 2.74 SD), and JRF was consistently the lowest (20.4 ◦C ± 2.55 SD;
Figure 7).
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Thus, when observed seasonally, the mean LSTs were consistently lower for JRF
throughout the year as compared to the urban and rural areas of the city of Jaipur.

3.2. Seasonal Analysis

If season-wise LST distributions were considered exclusively, without zonal compar-
isons, it is clear that higher LSTs occur in the summer, followed by the monsoon season,
and winter with significantly lower temperatures (Figure 9).
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3.3. Demi-Decadal Analysis

In a year-wise comparison of LSTs based on seasonal distributions, an ambiguity
in LST distribution between Monsoon and Winter was observed only in the year 2000
(Figure 10).

To check for decadal differences, we compared the years 2000 and 2020 (Figure 7,
Table 4). A significant increase of 4.8 ◦C in summer LSTs was observed as compared to
decreases in the monsoon and winter seasons.

Table 4. A comparison of the mean Land Surface Temperatures for the years 2000 and 2020.

Season 2000 2020

Monsoon 24.65 (±SD 2.48) 22.74 (±SD 1.64)
Summer 34.69 (±SD 1.55) 39.51 (±SD 1.98)
Winter 24.94 (±SD 2.5) 21.69 (±SD 2.21)
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4. Discussion

Our study compared the LSTs of the urban and rural areas that encircle JRF. Our
data show that in all three seasons, over the past two decades, the forested area in the
midst of the urban and rural areas has the lowest LSTs. This suggests that the forest acts
as a heat-sink regulating, i.e., decreasing the urban heat island (UHI) effect. In this case,
the ecosystem services accorded by this “island” forest to the conurbation of Jaipur are
impressive, especially in light of the fact that the summer LSTs have consistently increased
over the past two decades resulting in much hotter summers with an increase of 4.8 ◦C.
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Based on our results, the Urban Cool Island (UCI) effect is observed when the urban
zone is considered, especially in summer and winter, whereas in JRF, an urban forest, UCI
is observed in all three seasons. Thus, the urban zone and JRF together can be considered
as components of the Urban Cool Island effects, where significantly lower LSTs are found
across seasons compared to the rural zone. Several semi-arid climatic region cities with
centralized vegetation areas demonstrate such UCI effects—in The UAE capital city of Abu
Dhabi [20] and Ajmer in Rajasthan state in India [22].

Similarly, in Erbil, Iraq, on typical dry season days, during the daytime, the city center,
which has an urban park, has significantly lower LSTs than the surrounding neighbor-
hoods [21]. The same phenomenon was also observed in Raipur [17]. Similarly, the UCI
effect was observed, especially in the winter and summer seasons for Jaipur. We assume
that during the monsoon season, UCI effects are not observed because the surrounding bar-
ren land and agricultural areas are greener as compared to the other two seasons following
the monsoon precipitation.

One of the reasons for this effect, sometimes referred to as the inversion of the UHI,
includes the absence of vegetation, especially in rural agricultural croplands (unculti-
vated/fallow land) and large areas of barren land [42] during the winter and summer
seasons. This was confirmed by our results in the monsoon LST distribution, where rural
LSTs are also lower than in urban areas, which is possibly due to the presence of vegetation
in the cultivated croplands and natural vegetation in areas that are barren outside the
monsoon season.

In contrast, Urban areas exhibit lower LSTs in other seasons than rural surroundings
since convection gets more efficient compared to rural areas containing bare soils mainly
by the presence of trees and gardens and also by shade from buildings which reduces solar
radiation in Urban areas [57].

Moreover, a study in Seoul, South Korea, shows that the mean LST of the urban forest
was lower than the overall city’s mean LST and provided a cooling effect for the city [26].
Similarly, JRF shows lower LST throughout the study period as compared to the urban and
rural zones of Jaipur city. JRF proves to be a heat sink for Jaipur, moderating the city from
even higher ambient temperatures.

In addition, based on the LST observations, JRF provides a cooling effect and provides
an important ecosystem service in spite of the warming trend observed in the summer for
the past two decades. It is again confirmed in our study, as was found in multiple studies,
that LSTs in urban areas in semi-arid/arid regions act as cool urban islands [21,58].

However, this phenomenon was not prominent in the monsoon season. We could not
statistically confirm that a UHI effect is, in fact, present in monsoon because of the cooling
effect of the rains on all the urban and rural areas. Additionally, during the monsoon,
the fallow fields are green because of the growth of non-cultivated plants and weeds and
which moderate the LST values cf. [33–38]. However, our personal observations need to
be confirmed with data that JRF not only acts as a heat sink during the summer but also
as a water sink. We have observed that during the monsoon rains, copious amounts of
the run-off of the floods and rains in Jaipur are funneled into the forested area reducing
damages to human habitation and infrastructure in the urban and rural areas.

Furthermore, it is important to state that JRF has significantly low LSTs compared to
urban zones; thus, planning measures should focus not only on maintaining and conserving
JRF but also on increasing tree cover in the surrounding buffer areas. Because Urban forests
are important components of urban areas, since they provide multiple environmental and
ecological services [59–66], one of the consistent environmental services is the cooling of
the micro-climate, reducing the heat-stress evidenced worldwide in recent decades [7,63].

A minimum tree cover area of 15% in an urban area is considered to be the norm for
the megacities of India). However, in the neighboring semi-arid state of Gujarat, many
cities fall below this target with an average of 8.8% of tree–cover [67]. The only exceptions
with Urban forests are Gandhinagar (Indroda park, 4.5 km2) and Bhavnagar (Victoria park
having 2 km2) [61,62]. In comparison, JRF covers 10.75 km2, i.e., 53.9%.
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The increase in overall mean LSTs by 4.8 ◦C in the summer during the study period
resembles the global trend of increasing LSTs and subsequent heat waves. Hence, we
recommend future planning measures to increase tree cover in buffer areas of urban forests,
like JRF, to regulate LSTs, and enhance the standard of living of the human residents in the
urban and rural areas.

5. Conclusions

We conclude that JRF contributes to the standard of living of the human residents of
the conurbation of Jaipur by providing ecosystem services for the residents of Jaipur:

• The Urban Cooling effect in the urban and rural areas of Jaipur, i.e., JRF acting as a
heat sink;

• Summer LSTs are on the rise based on our multi-decadal comparisons, but the rela-
tively low LSTs in JRF remain constant in all of the seasons throughout the years;

• A significant difference in LST was observed among and between the three study
zones, with JRF always being the lowest in all of the three seasons;

We recommend that future Urban Planning must include reserve forests or artificial
plantations within urban areas and create “Urban Forests”.

Furthermore, if protected/reserve areas (mostly wildlife sanctuaries and forests) are
present near a city, a buffer area should be created with increased tree cover such that the
UHI effect is effectively decreased.

In order to increase the effectiveness of the urban cooling effect, it is preferable that
trees are clumped to create green islands within the urban areas and which will provide
more diverse ecosystem services, as has been identified in this study.
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