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Seasonality of Surface Urban Heat Island in Delhi
City Region Measured by Local Climate Zones
and Conventional Indicators

Bakul Budhiraja

Abstract—Urbanization can change the local climate of an area,
one manifestation of which is a rise in the local temperature of
built-up areas, a phenomenon known as an urban heat island. The
thermal response of built-up areas in comparison to natural areas
is quantified in terms of surface urban heat island (SUHI) intensity.
The work presented here evaluates the seasonal SUHI intensities
in Delhi using local climate zones (LLCZs) and conventional SUHI
indicators in parallel. Statistical analyses are carried out to deter-
mine the relationship between them and to delineate heat stressed
zones in the Delhi city region. The present study is the first one
that utilizes LCZs for seasonal SUHI analysis in Delhi. The land
surface temperature (LST) is assessed using a hundred and five
night-time images from MODIS. Unambiguous night-time SUHI
effect is seen for all seasons. The maximum night-time SUHI inten-
sity is 3.5° C, between “compact low-rise”’ (LCZ 3) and ‘“low plants”
(LCZ D) in summer and winter. The conventional indicator “Inside
urban-Inside rural” gives the highest night-time SUHI intensity of
3.3° C, in autumn. Statistical analyses show that ‘““‘compact low-rise”
(LCZ3) and “large low-rise” (LCZ8) are the most heat-stressed
LCZs. The largest number of distinct thermal zones is created in
the monsoon, followed by summer and winter. The results suggest
that in order to minimize the UHI effect, further urban expansion
in the Delhi region should be restricted to LCZ 5 (open mid-rise)
and LCZ 6 (open low-rise).

Index Terms—Delhi city region, land surface temperature (LST),
local climate zones (LLCZs), seasonality, SUHI indicators, surface
urban heat island (SUHI).

1. INTRODUCTION

HE replacement of natural surfaces by artificial building
materials modifies the aerodynamic, radiative, thermal,
and moisture properties of the local area. The manner in which
these alterations cause a change in the energy and water bal-
ance regimes is not fully understood [1], [2]. The difference
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in temperature between urban and rural areas is termed as the
urban heat island (UHI) effect. This is a direct consequence of
the alterations in the surface energy balance (SEB) of the area
[3]. Depending on the type of temperature and the observational
methods, different types of UHIs are defined. Whereas, UHI is
the term most commonly used when talking about urban—rural
temperature differences, it is more appropriate to restrict its
usage to near-surface air temperature differences. “Surface UHI”
(SUHI), proposed by Voogt and Oke [4], is better suited when
discussing the difference between urban and rural land surface
temperature (LST).

LST is of prime importance in any study of urban climate
because it directly modulates the lower layers of the planetary
boundary layer, and indirectly, the free atmosphere. LST plays
a significant role in the SEB. A number of studies have explored
the relationship of remotely sensed LST with various aspects of
urban climate such as urban SEB [5], nonurban SEB [6], urban
surface temperature [7], urban land cover [8], characteristics of
population [9], spatial growth of cities [10], spatial resolution
and SUHI [11], and surface imperviousness [12].

Satellite technology provides spatially continuous observa-
tions of LST over large areas. The urban configurations of
Delhi vary spatially, and given the region’s rapid spatial growth
and increasing population density, it is critical to understand
the local-climate, including SUHI phenomenon. As discussed
below, due to the lack of any dense, in-sifu observational net-
works in the Delhi region, most studies have employed remotely
sensed LST. An unfortunately large number of urban climate
studies provide insufficient information about the methodologies
employed, reducing the usefulness of such studies [13]. Some
of the problems are an incomplete or inappropriate description
of urban forms, lack of information about instrument siting,
and incomplete information or erroneous delineation of the
boundaries between urban and rural areas.

Mallick et al. [14] used two night-time ASTER images, to
obtain an SUHI intensity of 4° C in October, attributed to the
difference between central business districts/industrial areas and
suburbs. A SUHI intensity of 3° C between urban and vegetation
was reported by Kant ez al. [15] in the transition month of Octo-
ber using ASTER imagery. Annual heat stress areas—maximum
intensity of 16.7° C in summer, and 7.4° C in winter—were
identified by Sharma and Joshi [16] using an anomaly study
based on five Landsat TMS images. Singh et al. [17], using
five Landsat TMS5 scenes, claimed a weak daytime SUHI in
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Fig. 1.
borders.

the core of Delhi—one for each season. Mohan et al. [18]
studied SUHI in Delhi using MODIS and micrometeorological
station data for four days in one summer. The maximum SUHI
intensity reported was 8.3° C between the dense canopy and
green area. Pandey et al. [19], using the MODIS LST monthly
composite (MOD11C3.005) for the period 2000-2012, reported
a maximum SUHI intensity of nocturnal heat island in March
of 4-6° C and a minimum of 0-2° C in the monsoon months
between the urban core and rural periphery.

The conventional system of SUHI indicators to estimate SUHI
intensity has a high dependency on the administrative/political
boundaries of cities to define “urban.” Such delineation intro-
duces many uncertainties in the estimated intensity. For example,
Liu et al. [20] used 60% land imperviousness as an urban—rural
border for Beijing. Most of the European SUHI studies use
administrative boundaries as a reference distinction between
city and countryside [21], [22], [23]. Additionally, existing UHI
studies of Delhi [14], [15],[16], and [18] use political boundaries
to calculate UHI intensity. Only the study by Pandey et al. [19]
looks at the UHI phenomenon for Delhi in a regional context.
The administrative boundaries rarely correspond to land use
and land cover (LU/LC) change, hampering the interpretative
potential of SUHI studies. Moreover, the manner in which city
borders are specified varies across countries, regions, or even
single cities. Delhi is a good example of such a city, where ad-
ministrative borders are not suitable to distinguish “urban” from
“rural” (see Fig. 1). This study analyzes SUHI in a city-regional
context using “urban forms” based on LCZs.

Comprehensive classification schemes for urban forms might
be useful in overcoming some of the problems in differentiating
between urban and rural. Since cities around the world differ
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significantly in their morphology and activity of inhabitants,
comparing UHI or SUHI studies across various cities is a chal-
lenge. To address some of the difficulties with a description of
city forms, Stewart and Oke [24] proposed a classification, called
“local climate zones” (LCZs). The scheme aims to provide a uni-
versally applicable thermal climate-based classification of urban
and rural sites. LCZs are defined as “regions of uniform surface
cover, structure, material, and human activity that span hundreds
of meters to several kilometers in horizontal scale” [24]. LCZ
mapping decomposes cities into distinct urban landscapes based
on arange of physical parameters that generates similar thermal
signatures at the neighborhood scale.

LCZs are intended to provide objective measurements of UHI
magnitude worldwide. The World Urban Database and Access
Portal Tools (WUDAPT) is a community initiative to collect
worldwide data on the urban form, i.e., morphology and materi-
als, and function, in other words, use and metabolism. WUDAPT
provides a comprehensive and consistent LCZ database for
many cities [25]. The LCZ scheme has been widely adopted
for urban climate studies [26]. Improving the delineation of
LCZs is an active research area [40], [41]. For this study, the
LCZ classification method provided by WUDAPT is used for
the region of the city of Delhi, including the “satellite” cities.

Table I shows the results of the differences in mean LST
observed for a range of LCZs in various cities. Nassar et al.
[27] studied surface urban heat sinks and islands in Dubai using
MODIS and Landsat 8 imagery. Nocturnal SUHI of 3.5° C
was observed in winters with “compact mid-rise” exhibiting the
strongest warming effect. Gelectic et al. [28] used Landsat 8 and
ASTER images for Prague and Brno within the Czech Republic.
“Heavy industry” (LCZ 10), “compact low-rise” (LCZ 3), and
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TABLE I
SUHI INTENSITIES REPORTED USING LCZ APPROACH

City Population Koéppen  Data & Method SUHI
(millions)  climate key results
zone
Prague 1.3 Cfb Landsat & ASTER LCZ 10,3 &2
[28] (N &D) warmest,
LCZG & A
coolest
Dubai 2.5 Bwh MODIS & Landsat 8 LCZ 2-F =3.5°C
[27] (N&D)
Hangzhou Cfa ASTER (N) LCZ 1-A=4.2°C
[29]
Fuzhou 33 Cfa Landsat (D) LCZ2-D=
[30] 6.73°C
Delhi 25 Cwa & MODIS (N) LCZ3-D=3.5°C
[Current BSh
Study]

Cfb: Marine West Coast, Cfa: Humid subtropical.
Cwa: Humid subtropical.

BSh: Semiarid, Bwh: Tropical and subtropical desert.
D: daytime and N: night-time.

“compact mid-rise” (LCZ 2) were identified as warmest in
both cities. Cai et al. [29] studied the Yangtze River delta, a
heavily urbanized area around Shanghai using ASTER along
with Landsat 8 data. “Compact high-rise” (LCZ 1) was reported
to be the warmest, and “low-plants” (LCZ D) as the coolest.
“Water surfaces” (LCZ G) had the highest LST in the night.

Before Stewart [13] proposed the LCZ scheme, most SUHI
studies were based on ‘“urban—rural” or indicators based on
administrative borders (Schwarz et al. [21]). Stewart et al. [24],
[26] remarked that the differences of temperature observed for
LCZs might be applied as a definition of UHI intensity. In recent
years, there has been a proliferation of research papers, which
utilize LCZ for UHI or SUHI analysis. The primary objective of
the research presented here is to evaluate the seasonal behavior
of SUHI of the city-region of Delhi. The SUHI is analyzed using
two approaches, LCZs and conventional SUHI indicators. Using
the two approaches in parallel also helps in understanding the
relationship between the “urban” and its physical characteristics,
i.e., its “urban forms,” through Pearson correlation analysis.
The dataset analyzed comprises 105 night-time MODIS satellite
images (MOD/MYD11A1 product). The Analysis of variance
(ANOVA) test is used to see if statistically significant thermal
zones are created. The Tukey test is used to identify seasons with
more distinct LCZs, as well as to help identify heat-intensive
LCZs.

II. MATERIALS AND METHODS
A. Study Area

The megacity of Delhi, officially referred to as the National
Capital Region (NCR) of Delhi, lies in Northern India at
28.7041° N, 77.1025° E. It covers an area of 1483 km? with
a total population of 29 million as of 2018 [31]. The megacity
is projected to continue growing and become the most populous
city by 2030 as per the latest Revision of World Urbanization
Prospects (2018). Delhi has expanded beyond its administrative
borders, the black line in Fig. 1, with many satellite cities, which
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TABLE II
SEASONAL AVAILABILITY OF MODIS SATELLITE DATA

Season Day of year (DOY)  Number of scenes
Spring 32-90 12
Summer 91-181 40
Monsoon 181-259 21
Autumn 260-334 21
Winter 335-363 11
0-31
Annual 0-365 105

are included in the NCR of Delhi. The climate of the city is
an overlap between monsoon-influenced humid subtropical and
semiarid. Delhi experiences five seasons, namely, winter, spring,
summer, monsoon, and autumn. The air temperature ranges from
a maximum of 43—46° C in the summer months of April, May,
and June, to a minimum of 2—4° C in December and January.
The average annual air temperature is 25.2° C and mean annual
rainfall is 693 mm. The two most prominent features of the
geography of Delhi are the Yamuna flood plains and the Delhi
Ridge. The Ridge originates from the Aravalli Range in the south
and encircles the west and north-west parts of the city. Delhi is
prone to heat waves and has poor air quality [32], [33]. The
megacity has close to 1.8 million people living in slums [34],
with no capacity to equip themselves for increasing heat stress.

B. Data

The LST is retrieved using MODIS night-time images. The
Terra and Aqua MODIS products furnished 105 nocturnal
satellite images for 2015 (see Table II). The standard MODIS
MOD/MYDI11A1 products are used. The MODIS Terra and
Aqua images are selected based on the off-nadir angle (>30°),
pixel availability, cloudiness, and data quality.

C. Local Climatic Zones

As auniversal approach, Bechtel et al. [25], [35] described the
procedure for delineating LCZ using Google Earth to train areas
on Landsat 8 scenes, followed by random forest classification
in SAGA-GIS environment. For the present study, the LCZs
for the Delhi city region (see Fig. 1) are delineated using these
procedures through the WUDAPT portal [36].

The LCZs found in Delhi city region are shown in Fig. 1. Part
(a) of the figure shows the expansion of the urban agglomeration
beyond Delhi’s administrative borders, marked by the black
line. The major LCZs found within the administrative borders
[see Fig. 1(c)] are LCZ 5 (open mid-rise) and LCZ D (low
plants), covering 34.9% and 33.8% of the area, respectively. The
majority of Delhi city region, 58.7% of the area, is classified as
LCZ D (low plants), with another 18.1% classified as LCZ 5
(open mid-rise). The areas classified as LCZ D are primarily
agricultural land present around Delhi’s urban agglomeration
with a linear fringe present along the Yamuna River (LCZ G,
water, covering 0.6% of the area) located near the eastern edge
of Delhi. The areas classified as LCZ 5 (open mid-rise) are
residential and commercial areas present in central Delhi and
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TABLE III
SUHI INDICATORS BASED ON ADMINISTRATIVE BORDER

Name Brief Description

" Difference between urban* LST and rural
Urban*— e . .
1 . areas within a buffer around the city outside
outside rural .. .
administrative borders

Inside urban— Within city borders: mean LST of artificial

2 inside rural areas—mean LST of (semi)natural areas
3 ISA core— Mean LST of areas with the highest
urban* imperviousness (>90%)—mean urban* LST
4 Urban*—water  Difference between mean urban* LST and
mean LST of water surfaces
* -
5 Urban*—forest Mean urban* LST—mean LST of the area

covered with dense forest
ISA core— Mean LST of areas with the highest
6 imperviousness (>90%)—mean LST of areas
forest .
covered with dense forest

Urban*— Mean urban* LST—mean LST of areas used
7 . .
agriculture for agriculture
8 Star}dgrd Standard deviation of urban* LST
deviation
Maximum LST-minimum LST (within city
9 Range
borders)
. Maximum LST within city borders—mean
10 Magnitude urban® LST

Star* indicates a mean LST calculated within administrative borders.

spreading outwards in all directions. LCZ 3 (8.8%) coexists
with LCZ 5 (open mid-rise) prominently in East Delhi. LCZ
9 (sparsely built) occupies 9.5% of the area, and it is located
in southern Delhi, which includes a large military cantonment
area and residential areas located along the Aravalli mountain
range, which itself is classified predominantly as LCZ C (bush
and scrub), at 5% of Delhi’s area. Patchy forest covers 2.9% of
Delhi’s area, mainly located on Pusa Hill forest in the Centre of
the city, Kamala Nehru ridge toward north-east Delhi, and the
Hauz Khas area in the southern part of the city. Most of the LCZ
8 (large low-rise) are concentrated in the northern and eastern
fringes of the city. Industrial areas (LCZ 10) are located along
the major highways in the NE and SW direction.

A LCZ is considered in this study only if it covers at least
0.2% of Delhi’s area. Therefore, LCZ 1 (compact high-rise),
LCZ 2 (compact mid-rise), LCZ 4 (open high-rise), and LCZ 7
(lightweight low-rise) are not considered.

D. Surface Urban Heat Indicators

Many of the previous SUHI studies use administrative bor-
ders [21], [37], [38], [39], as a source for classification. Such
classification can lead to erroneous estimations of SUHI inten-
sity for Asian cities because most of these cities generally do
not conform to the typical European or North American city
with a core urban center. The use of administrative boundaries
makes comparison of SUHI intensity between different cities
challenging. It has been shown that such indicators are inconsis-
tent when single thermal observations [21], [22] or aggregated
satellite composites [23] are utilized. Table III provides the list
of indicators used, along with a brief description of each. Fuller
descriptions are found in [21]-[23] and related papers. Note that
for the purpose of the present study, some indicator names have
been modified.
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The first seven indicators are based on LU/LC. Indicator
1 “Urban*-outside rural,” which takes into account all nonur-
ban areas located outside city borders. Indicator 7 “Urban*-
agriculture” is based on croplands located outside city borders
in the area of interest (AOI). The indicators from eight to ten
are based on statistics calculated for LST within administrative
borders.

The methodology followed for the current study has been
shown (see Fig. 2). The seasonal analysis of SUHI for Delhi uses
two approaches. The first is the conventional approach of SUHI
indicators, which distinguishes “urban” using administrative
borders and LU/LC. The second is the relatively recent LCZ
approach, which contemplates “urban form” to understand the
climatic variations in the thermal environment. The seasonal
zonal intensity is statistically analyzed to delineate significant
heat-stressed urban forms. In addition, the relationship between
the “urban” and the physical composition of city in terms of
“urban form” is analyzed.

III. RESULTS
A. Seasonal Behavior of SUHI

The seasonal differences of LST across LCZs are assessed
by plotting the deviation of LCZ mean from the seasonal mean
value for night-time (see Fig. 3).

The LCZs for areas with natural, pervious surfaces, i.e.,
A—dense trees, C—bush and scrub, D—Ilow plants, F—bare
soil, and 9—sparsely built, have LST skewed negatively from the
mean. Whereas, LCZ numbers 3—compact low-rise, 5—open
mid-rise, 6—open low-rise, and 8—Ilarge low-rise, which indi-
cate built-up (urban) areas, are skewed positively from the mean,
highlighting the high thermal capacity of urban materials. The
high heat capacity of water (LCZ G) has been reported earlier
[29], in that it remains warmer during the night compared to
other natural LCZs. The range of average LST values in LCZs
is £2° C from the mean. The highest deviation from the mean
is seen for LCZ D (low plants) and LCZ 3 (compact low-rise).

The SUHI phenomenon is distinctly observed at night during
all seasons. The highest SUHI intensity of 3.5° C is observed
between compact low-rise (LCZ 3) and low plants (LCZ D)
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in summer (see Fig. 3). The warmest LCZ 3 (compact low-rise)
produces an SUHI intensity of 3-3.2° C when compared to dense
trees (LCZ A) and heavy industry (LCZ 10). The second highest
SUHI intensity of 2.5-3.2° C is observed as a difference between
large low-rise (LCZ 8) and low plants (LCZ D). Open mid-rise
(LCZ 5), comprising the largest residential zone, remains 3° C
warmer than low plants (LCZ D) or rural counterparts. Among

Seasonal variation using LCZ, Star* indicates a mean LST calculated within administrative borders. (a) Winter. (b) Spring. (c) Summer. (d) Monsoon.

the seasons, summer experiences the highest SUHI intensity,
followed by autumn, spring, and winter. The lowest intensity is
noted during the monsoon.

The SUHI intensity is significantly impacted by the definition
of urban and the method used to calculate the urban LST, which
is defined by the administrative boundaries (see Fig. 4). The
seasonal variability in SUHI intensity is also understood using
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Fig. 5. LCZ pairs with significant differences in SUHI intensity.

TABLE IV
ANOVA RESULTS FOR SEASONS

Means are significantly

Season P-value different (number of pairs)
Spring 0.011 Yes (1)

Summer 1.491E-10 Yes (16)

Monsoon 3.475E-14 Yes (23)

Autumn 4.641E-4 Yes (3)

Winter 2.811E-6 Yes (9)

the second approach of SUHI indicators based on LU/LC and
administrative borders. The pattern of deviation from mean is
similar across the seasons, but the quantitative value differs. The
SUHI intensity is the highest in autumn, followed by summer,
spring, and winter. The statistical LST values, calculated re-
gardless of LU/LC, show a range of 6.4° C, a mean magnitude
of 3.5° C, and a standard deviation of 1.8° C. In the group of
indicators based on LU/LC, five indicators have a positive value.
The least values for indicators based on LU/LC are observed in
the monsoon, as was the case in seasonal variation in the LCZs.

B. Statistical Analysis of SUHI Intensity Using ANOVA and
Tukey Test

The LCZ classes are classified based on the understanding that
the composition of urban form and function will create a distinct
local thermal climate. ANOVA is used to identify the seasons
with distinctive LCZ. It is initiated with a null hypothesis, i.e.,
there is no difference in the mean of the LCZ groups from the
mean of the season.

The population means are significantly different for all five
seasons, at a 95% confidence level (see Table IV). Once the sea-
sons have been highlighted, the pairs of LCZ with a significant
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difference in mean need to be delineated. The Tukey test is used
to compare the means. The test generated a varying number of
season-wise pairs (see Table IV). Monsoon has 23 significant
pairs, which is unexpected because the range of dispersion from
the mean of the LST of LCZs is the least for the monsoon.
The SUHI intensity in terms of LCZ difference is maximum for
summer, 1.92-3.42° C, subsequently followed by winter from
2.75 to 3.66° C and monsoon from 1.28 to 2.34° C. There are
six pairs of LCZ, which have a significant difference through all
seasons (see Fig. 5).

C. Relationship Between “Urban” and “Urban Form” Using
Pearson Correlation Analysis

In order to quantify the relationship between “urban” (using
SUHI indicators) and the physical characteristics of the city “ur-
ban form” (using the differences in surface temperature between
LCZs), a set of scatterplots is generated regardless of seasons
(see Fig. 6). Each SUHI indicator is plotted against the possi-
ble corresponding difference of LCZ pairs (see Table V). The
average of the four prominent urban forms, LCZ 3—compact
low-rise, LCZ 5—open mid-rise, LCZ 6—open low-rise, and
LCZ 8—Ilarge low-rise, is plotted along with individual urban
built LCZs (3, 5, 6, and 8). The relationship can be understood
in terms of the Pearson r correlation coefficient.

The strongest linear relationship (correlation coefficient 0.93)
is observed between indicator “Urbanx-agriculture” and LCZ
pairs 5 and D as well as the pairs 3 and D and 3568 and D (cor-
relation coefficient 0.90)—([see Fig. 6(d)]. The “Urbanx-water”
indicator has the highest correlation of 0.91 with LCZ pair 5
and G [see Fig. 6(a)]. The average of all urban forms (LCZ
3,5, 6, and 8) has a strong linear relationship with indicators
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Fig. 6. Relationship between SUHI indicators and LCZ differences.
TABLE V
LCZ PAIRS CORRESPONDING TO SUHI INDICATORS

Indicator Corresponding LCZ pair
1 Urban*—outside rural ~ 3-D, 5-D, 6-D, 8-D and 3,5,6,8-D
2 ISA core—urban* 3-5, 3-6, 3-8 and 3-3568
3 Urban*—water 3-G, 5-G, 6-G, 8-G and 3,5,6,8-G
4 Urban*—forest 3-A, 5-A, 6-A, 8-A and 3,5,6,8-A
5  ISA core—forest 3-A, 5-A, 6-A, 8-A and 3,5,6,8-A
6  Urban*—agriculture 3-D, 5-D, 6-D, 8-D and 3,5,6,8-D

“Urbanx-agriculture” at 0.90 and “Urbanx-outside rural” at 0.83
[see Fig. 6(c)]. However, in a scatterplot, the highest correlation
coefficient is seen with either LCZ 3 (compact low-rise) or LCZ
5 (open mid-rise). Thus, “urban” cannot just be defined as an
average of urban forms.

Fig. 6 is constructed using all available data regardless of sea-
sons. However, it is essential to analyze the seasonal differences.
Fig. 7 shows the correlation coefficients for “urban”-based SUHI
indicators, and the differences in mean LST observed for LCZs,
which are based on “urban form.”

The strongest linear relationship is observed for the monsoon,
followed by summer. The highest correlation value of 0.95
is observed for the “Urbansx-agriculture” indicator with LCZ

difference of “5-D.” The indicator “Urbanx-agriculture” has the
strongest linear relationship with LCZs pairs across all seasons
as compared to other indicators.

The transitional months of spring and autumn have consis-
tently low correlation coefficients for all indicators and LCZ
pairs. The correlation is high (0.72) when the LCZ difference
is calculated between LCZ 3 (compact low-rise) and LCZ 5
(open mid-rise) when compared to LCZ 6 (open low-rise), LCZ
8 (large low-rise), and the average of several built-up LCZs (3,
5, 6, and 8). Winter generally shows a low correlation except for
the indicator “Urbanx-water” with the LCZ difference of “5-G,”
for which it has a value of 0.93. LCZ 8 (large low-rise) and LCZ
3,5, 6, and 8 have a correlation coefficient of 0.90 with one
indicator, “ISA core-forest,” during the monsoon.

IV. DISCUSSION

The work presented here is a study of the seasonal variation
of SUHI for the Delhi city region to delineate heat-stressed
zones. It utilizes two approaches for the purpose. The first is
the conventional approach of SUHI indicators [21], [22], which
distinguishes “urban” from “rural” using administrative borders.
The second is the relatively recent LCZ approach [24], which
contemplates “urban form” to understand the local climatic
variations in the thermal environment. The present work also ad-
dresses the relationship between the LST of areas used for SUHI
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Fig. 7.

indicators delineation, the so-called “urban,” and the physical
characteristics of the city, the “urban form”—referred as LCZs.
This study is among the first to utilize LCZs for SUHI analysis
in Delhi for multiple seasons on a regional scale, enabling
comparisons of SUHI intensity with other cities in the world.

SUHI intensity is conventionally estimated using the tem-
perature difference between “urban” and “rural.” In all of the
previous studies focused on Delhi, the classification of “urban”
is ambiguous. Some researchers use “built-up” areas [19], [17],
others divide dense built-up areas into two classes [14], refer
to canopy density [18], or land use—divided into residential,
commercial, and industrial [15], [16]. This is one of the two
approaches used in presented study, and serves to define con-
ventional SUHI indicators (see Table III). The second approach
uses an LCZ classification approach to define urban forms, and,
then, the SUHI intensity is estimated as the surface temperature
difference between LCZs.

Previous studies report night-time SUHI intensity for Delhi
as 4° C in October, as the difference between “high, dense
built up” and “vegetation” [14], 4—6° C in March and 0-2° C
during the monsoon, as the difference between “built up” and
“rural,” and 3° C in October as the difference between “urban”
and “vegetation” [15]. The results of the current study show
an SUHI intensity of 3.5° C, as the difference between LCZ
3 (compact low-rise) and LCZ D (low plants), which occurs
in summer, followed by spring, autumn, and winter. In a con-
ventional approach, “rural” is either labeled “green areas” [18],
or is not defined [19], [17]. Mohan et al. [18] identified the
problem of “rural” reference in a megacity such as Delhi, which
has so many outgrowths that no unadulterated “rural” reference

Seasonal analysis of the relationship between “urban” indicators and “urban form” LCZs.

is available. The conventional approach lacks repeatability of
the experiments, since its definition of urban and rural form is
unclear. The LCZ approach presented in the current work uses
LCZ D (low plants) as the rural reference corresponding to the
agricultural area surrounding Delhi. LCZ studies conducted for
Uppsala, Nagano, and Vancouver [26] also found LCZ D (low
plants) to be the appropriate rural reference.

The SUHI intensity based on the LCZ method observed in
the present study is comparable to previously published papers.
Most of the LCZ studies for other cities [24], [26], [27] also
report compact urban LCZ classes (1—compact high-rise, 2—
compact mid-rise, and 3—compact low-rise) as the ones with
maximum nocturnal UHI intensity with reference to LCZ D
(low plants). The compact LCZ classes (1-3) have low sky view
factor, which limits radiative cooling, and low height to width
(H/W) ratio, which blocks the flow of air. The results of the
present study are also comparable to the results obtained for
Prague and Brno [28], which show that compact low-rise (LCZ
3) is among the warmest LCZs.

The statistical significance of SUHI intensity results for the
current research is tested using ANOVA. The analysis shows
that all seasons have a statistically significant difference of LST
mean. This gives support to the contention that various LCZs ex-
ist in a megacity, and that these zones deviate substantially from
the regional climate. This conclusion is further strengthened by
the results of the Tukey test, used to determine pairs of LCZs
with a significantly different thermal behavior. The maximum
numbers of thermally distinct LCZs occur during the monsoon,
followed by summer and winter. This result is worth emphasiz-
ing, particularly because 33% of the SUHI studies focus only
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on summer, and just 23% of the existing studies analyze SUHI
through all the seasons [42]. The high number of distinct thermal
zones during the monsoon can be attributed to the high elevation
angle of the sun and urban runoff on impervious surfaces. The
transition months of autumn and spring have only one pair of
distinct LCZs, which still requires further inquiry because the
thermal range is comparable to summer (see Fig. 5). Two urban
forms, compact low-rise (LCZ 3) and large low-rise (LCZ 8),
have been identified as the heat-intensive LCZs. They account
for 14% of the total area for Delhi.

The correlation between SUHI calculated using conventional
indicators and LST differences across LCZs, i.e., the “urban” and
“urban forms,” is the strongest during the monsoon, followed
by summer. These two seasons include the months with the
maximum sun elevation angle, and so the maximum LST values.
The indicator “Urban-agriculture” has the highest Pearson corre-
lation coefficient, 0.93, with the LCZ difference of open mid-rise
(LCZ 5) and low plants (LCZ D) [see Fig. 7(d)]. The highest
correlation of all SUHI indicators other than “urban-agriculture”
is observed with compact low-rise (LCZ 3) and open mid-rise
(LCZ5), rather than with open low-rise (LCZ 6), large low-rise
(LCZ 8), or average of urban forms (3-5-6-8) (see Figs. 6 and
7). The results presented here show that using “urban form”
based on an LCZ scheme works much better than using SUHI
indicators based on a generalized “urban” classification because
the “urban form” indicators allow determination of the specific
physical characteristics causing significant thermal contrasts.

The study presented here has also some limitations. More city
regions of the world need to be studied to allow generalization
of the results; particularly city-regions where the “urban” and
“rural” areas are hard to distinguish. Some such city regions
are Mumbai, Cape Town, Mexico City, and Sdo Paulo, among
others. Therefore, the authors speculate that when a different
city with different surroundings is considered, the relation-
ship between SUHI indicators and LCZ difference might vary.
Furthermore, given the fact that SUHI analysis is dependent
on the spatial resolution of available thermal images and the
satellite overpass time, a different satellite sensor like ASTER
or Landsat may produce diverse results. However, as the physical
mechanism behind the formulation of SUHI in each city is the
same, we expect that eventual differences would be minor.

V. CONCLUSION

The SUHI intensity obtained from conventional SUHI indica-
tors and LCZs are comparable, but the LCZ approach provides
a finer-grained understanding of the relationship between urban
form and SUHI. The night-time maximum SUHI intensity using
the conventional, generalized “urban”-based indicator approach
is 3.3° C, observed for “Inside urban—inside rural” in autumn,
followed by summer, spring, and winter, and at 2.3° C, is the least
during the monsoon. The maximum SUHI intensity using the
LCZ approach for Delhiis 3.5° C, between LCZ 3 (compact low-
rise) and LCZ D (low plants), occurring in summer, followed
by spring, autumn, winter, and decreasing to the lowest value of
2.5° C in the monsoon. The SUHI indicator “Urban-agriculture”
has the strongest linear relationship (correlation coefficient of
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0.93) with the LST difference between LCZ 5 (open mid-rise)
and LCZ D (low plants). The results indicate that eventual SUHI
mitigation strategies should be focused on the heat-stressed LCZ
3 (compact low-rise) and LCZ 8 (large low-rise) zones.

This study advocates the LCZ approach over the conventional
SUHI indicators, as “urban” and “rural” areas cannot be clearly
delineated for rapidly expanding urban conurbations such as
the Delhi city region. The LCZ approach helps us understand
the dependency of SUHI intensity on the type of urban form,
which is much more useful for focused mitigation than vague,
overly broad classifications of “urban” and “rural.” The results
presented here also show the importance of seasonal analysis
of SUHI intensity rather than only summer daytime analysis. In
order to generalize the findings of the study, studies of other large
city regions, utilizing different satellite sensors, and daytime
images is required.
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