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Abstract—High population influx and rapid urban growth
have not only amplified extreme weather events but also have
significantly influenced the sustainable development of cities.
Therefore, urban planning must account for urban
transformation and extreme events as efficiently as possible.
Using the concept of a human-environment system, this study
proposes a practical approach for the assessment of human
vulnerability to heat stress in different Local Climate Zones
(LCZs) of Lahore. Using the human vulnerability index
computed at the union council administrative scale and LCZs
data at 100m cell size, GIS tools (i.e. rasterization and zonal
statistics) are used to compare the datasets. The linkage of
human heat vulnerability with LCZs shows that human
vulnerability is relatively low in compact development
compared to sparsely built-up and low-density areas. It is due to
the income profile of residents as well as accessibility of social
infrastructure in compact development zones. This assessment
of cross-scale mechanisms of human heat vulnerability in urban
systems is expected to inform policymakers and stakeholders in
developing effective policies to address social, economic, and
health risks.

Keywords—human vulnerability, Local Climate Zones, spatial
analysis, climate change adaptation

L. INTRODUCTION

As climate change continues over decades, urban areas are
particularly expected to be hit by global warming [1-3]. The
risks related to increased anthropogenic emissions from
industrial activities, increased traffic, electricity and heat
generation are not restricted to urban centers but it has also
posed an unavoidable threat to the well-being and health of
global human populations [4-7]. Urban heat islands (UHIs)
are exacerbating the effects of global warming on local
climates, especially in cities[9]. In urban areas, heatwaves
frequency coupled with UHI effect exacerbate thermal
conditions [10,11]. As a result, the mortality risk during heat
waves has increased particularly among the old age population
[12,13].

Distinct morphology and physical structures influence the
thermal stresses, and consequently, the associated risk of heat
stress in cities [14—16]. Various studies have been conducted
around the globe for understanding the association between
urbanization and UHI [17,18]. It is established that densely
built cities present high differences in UHI and pose high heat
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risks, which vary within urban areas. However, such analysis
involves a wide-ranging land cover and urban form data for
the classification of urban areas, which vary largely from one
region to another [19]. In this regard, Stewart and Oke (2012)
presented the concept of a “Local Climate Zones (LCZs)”,
which refer to “the region of uniform surface cover, structure,
material, and human activity that span hundreds of meters to
several kilometers in the horizontal scale” (p. 1884 ). An
understanding of LCZs in a city can assist with estimating the
surface thermal characteristics, energy consumption, and heat
risk [14]. Interestingly, this LCZs and urbanization nexus is
mostly studied in terms of how exposed LCZs are to, for
instance, heat risk [14,15,19]. However, this interdependence
goes further than the state of the art [20]. The significance of
population profile and their attributes such as age, income,
education, health etc. cannot be ignored, as individuals living
in a same location may not be equally susceptible [4,5,21,22].

Exploring intra-city disparity concerning human dynamics
begins with the vulnerability assessment. It is important to
comprehend the spatial settings within urban areas in which
these disparities originate given the diversity of socio-physical
elements found in the cities [23]. In this regard, vulnerability
assessment using index based approaches provide a snapshot
of where vulnerable hotspots occur in a city at a particular
administrative scale. However, it is challenging to develop
specific adaptation measures due to lack of information about
urban fabric and neighborhood morphology. Moreover, given
the fact that socioeconomic (age, health, income etc.) and
physical data (building height, vegetation density etc.) is not
always available at same spatial scale so it is difficult to
examine the interlinkages between both. Following the
discussion, these research questions are posed and addressed
for the case study area of Lahore, Pakistan.

How can different spatial scales be coupled in terms of
socioeconomic (i.e. human heat vulnerability) and remote
sensing data (LCZs classification)?

How does human heat vulnerability vary in different LCZs
and what are the interlinkages between the human heat
vulnerability index and LCZs classes?



II.  MATERIAL AND METHODS
A. Study area

The study area is the metropolitan city Lahore, which is
second-biggest city of Pakistan inhabiting more than 12
million people [25]. The city covers an area of 1772 km? and
is quite heterogeneous in terms of growth pattern and
socioeconomic condition across its nine administrative
districts [25]. Rapid urbanization, followed by dominantly
horizontal expansion, has characterized the development
dynamics of the city in recent years. According to the Urban
Unit, the built-up area of Lahore almost doubled between
2005 and 2017, with a growth rate of 7.1% [26]. With a mix
of high to medium dense and sparsely developed areas, Lahore
displays high spatial heterogeneity in development dynamics
[28]. The city has witnessed various climate-induced hazard
events, including heat waves, heavy precipitation, and flash
floods. However, the climate conditions of the region along
with various environmental stressors have intensified the
impacts of heat waves. In June 2019, a record-breaking high
temperature of 46°C was reported. Moreover, in July 2021,
the temperature reached around 44°C. Likewise, heatwaves
became 100 times more likely in summers 2022 [29] which
are affecting the health and daily lives of the residents.

B. Data collection and processing

We have categorized our analysis to study interlinkages
between different LCZs and their human heat vulnerability in
Lahore into three steps. The first step is the collection of data.
Data regarding LCZs is obtained where a Standard WUDAPT
methodology is used for mapping LCZs in Lahore. A
comprehensive methodology for mapping LCZs in Lahore
can be found in this reference [27]. On the other hand, for the
assessment of human heat vulnerability, various demographic
and socioeconomic factors are aggregated and an index is
computed using a weighted sum. A detailed description of the
indicators used and their computation method can be seen in
this reference [30]. The second step relates to the
preprocessing and transformation of data to ensure
consistency for interlinking. In this respect, the human heat
vulnerability index has been normalized using the min-max
transformation and divided into five quantiles that span from
very low to very high vulnerability levels. LCZs data is
classified into 16 standard classes. It is important to mention
that LCZ class 1, i.e. compact high-rise is not likely to occur
in Lahore as per data and knowledge about the city [27].
Figure 1 presents the collected and preprocessed data
regarding heat vulnerability and LCZs for Lahore.

Human vulnerability is computed at union councils (UCs)
scale, which is the smallest administrative scale for Lahore
case. Contrarily, LCZs are obtained using the resampling of
raster data at 100 m cell size. Thus, it is quite challenging to
bring both administrative and remote-sensing scales together
for comparison. In this respect, the second step involves the
rasterization of vector data i.e. human vulnerability index.
The polygon to raster tool is used for this purpose. Cell size
and processing extent are used the same as the LCZs layer.

Finally, using the zonal statistic tool in GIS the relative heat
vulnerability in different LCZs is explored and descriptive
statistics i.e. mean, standard deviation, and percentiles are
exported using zonal statistics as a table tool. Moreover,

human vulnerability is compared only in built-up area classes
in LCZs.
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Figure 1. Relative human heat vulnerability map at UCs administrative scale
and LCZs in study area. Source: Own presentation based on Igbal et al.
2022; Aslam et al. 2022

III. RESULTS

In the following section, the results captured from the
assessment of human vulnerability for different LCZs in the
study area are presented and associated descriptive statistics
are explained to examine the linkage between both.

Human vulnerability in different LCZs

Overall, human heat vulnerability is high in different built-up
classes of LCZs in Lahore. Table 1 presents the descriptive
statistics of human vulnerability in different built-up classes.
It is interesting to monitor that the people living in compact
low-rise and mid-rise development are comparatively less
vulnerable to heat stress. In this regard, compact mid-rise
(LCZ 2) development is distributed within the city in smaller
segments, for instance, Askari 11 (sector B), and Quaid
Housing Scheme fall into this category (see Figure 2). These
are formally developed areas with a high to middle income
group of people. Such socioeconomic conditions reduce
vulnerability levels in these LCZs.

TABLE 1. DESCRIPTIVE STATISTICS OF HUMAN VULNERABILITY TO HEAT
STRESS IN BUILT-UP LCZS

'STANDARD

ILCZs BUILT-UP CLASSES | MIN | MAX |[RANGE| MEAN DEVIATION

Compact mid-
rise
(LCZ 2)
Compact low- | §
rise
(LCZ3)

Open high-rise
(LCZ 4)

1,00 | 1,00 0,51 0,20

1,00 | 1,00 0,50 0,22

0,81 | 0,35 | 0,51 0,12

Open mid-rise | 3

(LCZ5) 094 | 0,77 | 0,55 0,11

Open low-rise | ¢
(LCZ 6)

Lightweight
low-rise
(LCZ7)

Large low-rise
(LCZ8)

1,00 | 1,00 | 0,54 0,13

1,00 | 1,00 0,53 0,13

1,00 | 1,00 0,56 0,12

Sparsely built

(Lcz9) 1,00 | 0,96 | 0,58 0,09

Heavy industry| #

ez 10) 092 | 075 | 059 | 012

Visual representation of the LCZs in Lahore is drawn from Google Earth.



Next to that, compact low-rise (LCZ 3) development is most
prominant development typology in the study area. Central
areas of the city including the Walled City, Gulshan-e-Ravi,
and Model Town are mostly compact low-rise. In this class,
the mean vulnerability to heat stress is 0.50 that is
comparatively lower than other zones. However, the standard
deviation in mean vulnerability is noticeably higher (see
Table 1). The areas that fall under this category have been
developed both formally and informally. In planned compact
zones, vulnerability is low due to the socioeconomic profiles
of people as well as access to social infrastructure in
comparison to unplanned (informal) areas. Resutantly,
standard deviation in vulnerability is higher in this class.

On the other hand, open high-rise and mid-rise zones are
found less dominant in the city and mostly newly developed
housing areas in southern and eastern parts of the city fall into
this category (see Figure 2). Overall, the mean vulnerability
in these areas is comparatively higher. Open low-rise
development (LCZ 6) is the second most prevalent LCZs
class in Lahore. It covers the areas including railway flats
present in the central part, Shuhada Town situated in the city
outskirts, and some commercial zones. Mean human
vulnerability in this climate zone is relatively high (0.54). It
is because these are the areas majorly hit by the recent high
growth trends and residents of these areas have less coping
and adaptive capacities.

Large low-rise (LCZ 7), lightweight low-rise (LCZ 8), and
sparsely built-up (LCZ 9) settlements are found mostly in the
suburbs of the study area. It can be seen that human
vulnerability is very high in these areas with a mean value of
0.58. In addition, the standard deviation is relatively low in
these climate zones. The development typology of these
zones is also both formal and informal. Nevertheless, they
shared a common trait of urban transformation i.e. urban
growth as a result of migration of people from nearby areas.
This sprawl growth not only increases their susceptibility to
heat stress but also puts immense pressure on the existing
urban fabric concerning access to social infrastructure.

Human Vulnerability in different Local
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[ 0-0.30 (very Low)
[ 0.31-0.54 (Low)
[ 0.55 - 0.64 (Medium)
I 0.65- 0.78 {High)
B 0.79 - 1.0 (very High)
%% Compact mid-rise
Compact low-rise

|l!l/ll open high-rise
Q&i Open mid-rise
\\\$ Open low-rise

* Lightweight low-rise
ZEE Large low-rise
Sparsely built
Heawy industry -

N

A

Figure 2. Human vulnerability to heat stress in built-up LCZs (Numbers are
presenting the areas as follows: 1-Model Colony, 2-Walled City, 3-Railway
Flats, 4-Gulshan-e-Ravi, 5-Askari 11 (sector B), and 6-Quaid Housing
Scheme)

10 km

IV. DISCUSSION AND CONCLUSSION

Human vulnerability assessment considering LCZs data can
facilitate the identification of specific adaptation
requirements of different urban zones in terms of heat stress.
However, only a few studies interlink the vulnerable hotspots
with LCZs [14,15,19]. It has been found that these studies
mainly focus on physical and metrological interdependence
instead of human dynamics. However, several studies
underscore the importance of population profiles and
socioeconomic factors for adaptation planning [24,30]. This
study attempts to bring the human dimension into focus while
analyzing LCZs.

Analysis of vulnerability in built-up categories of LCZs
provided interesting insights. It is evident from the analysis
that overall, mean human vulnerability to heat stress is
comparatively low in compact development. However, the
standard deviation is relatively higher across this zone. This
zone covers different types of urban fabric including old city
areas in the northern part (walled city) and formally
developed areas (Model town and Askari) towards central
areas. Due to the fact that the income factor is greater in the
formally developed areas and access to socio-physical
infrastructure is higher, people are less vulnerable to heat
stress. In this respect, Lemonsu et al. 2015 argued that the
compact city, because of its dense urban form, provides solar
protection by reducing the penetration of the incoming solar
radiation, it is efficient in alleviating urban heat islands
during the day. However, contrary to Cai et al. 2019 and Zhou
et al. 2021 who indicated that thermal stress and heat
exposure are higher in compact high-rise development, this
study illustrates that people are less susceptible and can cope
with heat stress in the more compact zone in the Lahore
context.

Nevertheless, human vulnerability fluctuates moving towards
open low-rise climate zone. This climate zone is most
prevalent in the case of Lahore and formed as the result of the
current development trend i.e. reduction in the vegetation
cover because of rapid transition into built-up areas, thus
modifying the thermal conditions of the city. These areas
mainly characterize new both formally and informally
developed urban fabric. Although, in some of the planned
areas people are less susceptible to heat stress but they have
less capacity to cope [30]. Most importantly, it is evident
from the analysis that in sparsely built-up areas, human
vulnerability increased dramatically, and mean human
vulnerability is very high. Rapid urban growth due to higher
in-migration from nearby towns and villages resulted in a
rapid increase in vulnerability in the climate zones. Frenkel
and Ashkenazi 2008 and Ribeiro 2021 also highlighted how
urban slums are increasing urban heat risk and putting
immense pressure on services and infrastructure demand.

Overall, this paper attempts to use cell size derived from
LCZs classified units instead of typical administrative units
i.e., union council as a spatial scale for the computation of
human vulnerability. Variation in the human vulnerability
levels can be seen in different climate zones both statistically
and geographically. Therefore, the methodology of coupling
socio-economic and physical data is transferable to other



regions depending upon the availability of data. Moreover,
results derived from the analysis are applicable to other
regions with similar development typologies and growth
pattern i.e. rapidly transforming cities in Southeast Asia.
Resultantly, micro-scale assessment can enable urban policy
makers to address adaptations needs of people more
holistically.
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