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Abstract: Global climate has been radically affected by the urbanization process in recent years.

Karachi, Pakistan’s economic hub, is also showing signs of swift urbanization. Owing to the construc-

tion of infrastructure projects under the China-Pakistan Economic Corridor (CPEC) and associated

urbanization, Karachi’s climate has been significantly affected. The associated replacement of natural

surfaces by anthropogenic materials results in urban overheating and increased local temperatures

leading to serious health issues and higher air pollution. Thus, these temperature changes and

flf[l’edcgtfg urban overheating effects must be addressed to minimize their impact on the city’s population. For
analyzing the urban overheating of Karachi city, LST (land surface temperature) is assessed in the
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density (RD), elevation, and enhanced vegetation index (EVI) are used as input parameters. Upon
comparing estimated and measured LST, the values of mean absolute error (MAE), mean square

doi.org/10.3390//ijgi 10080539 error (MSE), and mean absolute percentage error (MAPE) are 0.27 K, 0.237, and 0.15% for January,
and 0.29 K, 0.261, and 0.13% for May, respectively. The low MAE, MSE, and MAPE values show
Academic Editor: Wolfgang Kainz a higher correlation between the predicted and observed LST values. Moreover, results show that
more than 90% of the pixel data falls in the least possible error range of —1 K to +1 K. The MAE, MSE
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this model, city planners can propose mitigation strategies to reduce the harmful effects of urban
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Human activities and excessive construction have altered the surface structure and
materials of the Earth, thereby disturbing the natural environment. These changes disturb
o . the Earth’s surface energy balance and the atmospheric composition, disturbing the local
conditions of the Creative Commons . . . . - o A
Attribution (CC BY) license (https;//  Climate. Rapid urbanization and associated human settlement lead to a distinguished local
creativecommons.org/licenses /by / climate referred to as urban climate [1]. Urbanization, one of the major human activities,
40/). transform the natural landscape into an impervious and built-up area. The impervious area
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consists of materials such as bricks, concrete, bitumen, tiles, and roof sheeting, creating a
built environment [2]. In the present era, the human population is rapidly shifting towards
a comfortable urban lifestyle. This is due to better job opportunities and improved quality
of life in the urban areas. Accordingly, the world’s urban population that was merely about
10% in the early twentieth century, has skyrocketed to nearly 50%. This value is expected
to grow considering the inclination of today’s population towards industrialization and
urban lifestyle [2]. The current growth indicators suggest that by the year 2050, roughly
6.3 billion people out of the estimated world population of 9.1 billion would be settled in
urban areas [3].

This increase in urbanization disturbs Earth’s natural environments [2] and affects its
local climate and weather [4]. Rapid urbanization disturbs the surface and atmospheric
conditions, resulting in relatively warm urban surfaces compared to neighboring natural
terrain (non-urbanized). This particular phenomenon is named the urban heat island (UHI)
effect [1]. Similarly, the rise in the local urban temperature due to activities such as con-
struction is responsible for urban overheating [5]. It is a clear depiction of environmental
degradation that is especially evident in larger metropolitans such as Karachi [4]. The rapid
increase in the urban population paves the way for more urban overheating in such terri-
tories [6-9]. However, such urbanization is pivotal to the localities” economy and cannot
be controlled. Thus, alternative ways must be sought and proposed to minimize, if not
eliminate, the effects of urban overheating effect and associated UHI in large metropolitans.
Accordingly, various cities around the globe have been investigated for these phenomena.

Various studies have highlighted a worldwide increase in temperature. Accordingly,
an increment of about 0.74 K has been recorded in the average global surface temperature
in the past century [10]. Studies focusing on the effects of urban overheating advocate
that energy and water consumption are escalated by urban overheating, especially in the
summer season. It further contributes to the depletion of the outdoor air quality levels.
The peak demand for electrical energy rises by 2-4% with each increment of 1 °C in the
daily maximum temperature [11]. This surge in energy demand is mainly associated with
the usage of air conditioning systems. There is also an increase in pollutant concentration
over urban areas owing to urban overheating and UHI [12]. This increase in the pollutant
concentration alters the meteorology of the area by changing wind patterns, enhancing
humidity, fogs, and smoke clouds, and varying the precipitation rate [13]. In addition,
the rise in air temperature increases the production of smog (a paramount health hazard).
Such smog is evident in developing countries like Pakistan and India [14]. Further, urban
overheating and associated UHI effects are also responsible for increasing health disorders
and diseases, resulting in many deaths annually [15]. These harmful effects make urban
overheating a critical phenomenon. Accordingly, the pattern and extent of the urban
overheating and associated UHI effects have been one of the prime focuses of many
climatology studies [6-9].

To address the urban overheating and its resulting impacts, it is important to analyze
the repercussions of urbanization on climate and meteorology. A study on such a large scale
is possible due to high-resolution Earth-monitoring satellites. In comparison to ground
sensors, satellite data has proved to be more regular and uniform. As a result, satellite
imageries are now considered highly important when it comes to urban overheating and
UHI studies [7,16]. Land Surface Temperature (LST) is a derived parameter and is of
prime importance in such studies. It is referred to as the surface temperature of Earth.
It is obtained from satellite imagery and is widely used in urban overheating and UHI
assessment. It is considered one of the most significant factors controlling Earth’s biological,
chemical, and physical processes [17,18]. In addition, it affects the water and heat exchange
between Earth’s surface and the atmosphere [19]. Therefore, LST has been a significant
part of climate modeling, heat balance, and global-change monitoring [20,21]. When LST
is used as a prime indicator in UHI-related studies, it is referred to as the surface urban
heat island (SUHI) effect [7,9,19,22-25]. For recording temperature from satellite, thermal
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infrared (TIR) remote sensing is used, which relies on radiances from TIR sensors to record
surface temperatures [26].

The main focus of the SUHI studies is analyzing the relationship between the intensity
of urbanization and LST [19,27]. The variation in temperature (or climate) is recorded
using the information of the vegetative cover [28]. Multiple studies report a negative
correlation between LST and vegetation [8,29]. The areas with higher vegetation constantly
produce cooler temperatures than non-vegetated areas. This decreases the daily mean
temperature of residential areas and streets by 0.5 K and 0.9 K, respectively [30]. LST is the
canopy temperature at maximum spectral vegetation or complete canopy cover [31]. Thus,
proving the inverse correlation between the vegetation fraction and LST. This correlation is
stronger than the relationship between the normalized difference vegetation index (NDVI)
and LST [32]. The current study uses LST retrieved from Moderate-Resolution Imaging
Spectroradiometer (MODIS) thermal infrared data to get information about vegetative
cover in the study region. MODIS products contain two vegetation indices: the standard
NDVI and the Enhanced Vegetation Index (EVI). NDVI is measured using the radiation
of visible and near-infrared bands. EVI is measured similar to NDVI but with improved
vegetation monitoring by de-coupling the canopy background signal, improved sensitivity
to high biomass regions, and reduced atmospheric influences [33].

Road density (RD) is referred to as the density of a road per unit area and is among
the key parameters that influence an area’s LST. The relationship between LST and RD is
direct, and therefore, it can be interpreted that an increase in the RD increases LST [34].
This behavior is due to the energy exchanges between resulting modified land surfaces
due to urbanization. Accordingly, this energy interaction results in an LST rise due to its
dependence on the surface heat fluxes [35]. Thus, it can be deduced that a rise in surface
temperatures and a decline in green vegetation cover is associated with rising LST and RD
owing to urbanization [34]. This concept is used in the current study.

Studies prove that LST cannot be predicted by only assessing the vegetative cover of
the area. Instead, the surrounding environment also has to be taken into consideration [36].
During the analysis of substantially large territories for urban overheating where the
ground level is inconsistent, elevation becomes one factor affecting LST. By analyzing
the environmental lapse rate (ELR), it is observed that LST is considerably affected by
variation in elevation. The ELR varies from 5-10 °C with every 1000-m change in elevation.
These variations in LST are observed to be inversely related to elevation [34,37]. However,
considering the lesser variation of elevation in urban cities, the effect of elevation can be
ignored. This is particularly applicable to Karachi, which is mostly plain and inland with
negligible changes of elevation.

Previous studies have estimated urban overheating and associated UHI based on air
temperature and LST [38,39]. However, using air temperature to investigate these phenom-
ena is challenging. In developing regions like Pakistan, there is a lack of meteorological
stations and ground-based data for recording air temperatures [38]. Therefore, the re-
searchers became more inclined towards urban overheating studies based on LST acquired
from remote sensing (RS) data because of its spatial extent and temporal availability [40].
Moreover, previous research studies mostly used the correlation of mean LST with two
key land use/land cover (LULC) types (green spaces (GS) and impervious surfaces (IS))
to investigate the urban overheating and UHI effect in various mountainous cities [41,42],
coastal cities [43,44] and inland cities [44,45].

In addition, researchers have recently employed several other techniques to get a
more comprehensive understanding of urban overheating and UHI distribution. For
example, studies have used the urban-rural gradient analysis to investigate the temperature
variations between rural and urban regions [41,44,46]. The drawback of this approach is that
the UHI's directional deviation cannot be acquired through the gradient analysis. Due to
this reason, various researchers have applied the multidirectional and multitemporal UHI
profile analysis in the diagonal and orthogonal directions of their study areas [41,47]. Other
studies have used the grid-based method to explore the LST in their study areas [43,48,49].
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Recently, the studies analyzing urban overheating and UHI using LST prediction showed
superior results when Support Vector Regression (SVR) and Artificial Neural Network
(ANN) models were included [26,50].

Similarly, forecasting approaches based on deep learning have been employed in
studies on time-series data [51,52]. Importantly, it is noted that in time-series analysis,
recurrent neural networks (RNNs) show comparatively more adaptability and improved
prediction results. However, RNN has some drawbacks. These include quick losses of long-
term memory and exploding and vanishing gradients. Nevertheless, these problems have
been addressed by long short-term memory (LSTM) models, which is a variant of RNN.
LSTM addresses the problems of RNN effectively and represents the short and long-term
dependencies more effectively. These LSTM models have been employed successfully in
studies on time-series data in different disciplines, such as speech recognition, machine
translation, and traffic flow forecasting [53]. However, the use of these models to study
urban overheating and associated UHI effect and LST of areas has not been reported yet,
thus presenting a gap targeted in the current study. This research aims to develop an LSTM
architecture that uses temperatures of previous years and parameters like vegetation, RD,
and surface elevation to predict the LST of Karachi, Pakistan. It should be noted that
these parameters vary independently, and despite having some correlation, developing
any model for assessing their interrelationship is challenging. LSTM model can be used for
such integration that has been utilized in the current study. The resulting LST, predicted
through LSTM, is compared with SVR and ANN models used in previous studies to check
the accuracy of results.

Thus, this research contributes to the existing literature by providing a novel and
efficient LSTM-based approach for LST forecasting. The proposed model helps in prediction
when acquiring data using remote sensing observations is not possible due to the cloud
cover or other hindrances. Furthermore, the model proposed in the current study can be
used during the planning process of a town or a city so that the urban overheating and
associated UHI effects are scaled-down, thus, reducing the associated energy demand.

Similarly, this study is critical to the China-Pakistan Economic Corridor (CPEC) project,
where Karachi is the focus region. CPEC has been a gamechanger for policymakers
alongside the general masses of both China and Pakistan. It offers advantages in terms of
economic development and the development of the lifestyle for the individual inhabitants
of the region. Despite the benefits mentioned above and the eminence of this project, it has
some repercussions. The increase in the infrastructure and concrete cover in the region due
to projects under CPEC and rapid urbanization has increased the average temperature of
Karachi. This has resulted in the urban overheating of Karachi. This has been causing some
serious health issues, including heatstroke, respiratory difficulties, and heat exhaustion
coupled with higher air pollution and energy costs (for cooling, etc.). Considering that
Karachi is a major industrial and metropolitan city of Pakistan, it has become imperative
that the ramifications of CPEC projects are investigated in Karachi. This has been targeted
in the current study. Accordingly, mitigation and adaptation strategies must be developed
for such urban overheating and other associated UHI effects in advance to minimize the
effects on the local population’s quality of life. Accordingly, the current study humbly
contributes to assessing urban overheating and UHI effects and is among the first studies
targeting this useful study area.

The rest of the paper is organized as follows: Section 2 presents the study area and
its characteristics. Section 3 discusses the three-step method adopted in the current study.
In the first step of this section, data is acquired from MODIS and Advanced Spaceborne
Thermal Emission and Reflection Radiometer Global Digital Elevation Model (ASTER
GDEM) sensors. In the second step, an LSTM model is developed that is used to forecast
the urban overheating for Karachi in the third step. Section 4 presents the results and
discussions of the study where the LST, EVI, RD, and elevation results obtained from the
developed model are presented and discussed. Finally, Section 5 concludes the study;,
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presents the limitations, key takeaways, and the direction for futuristic expansion based on
the current study.

2. Study Area

The study area chosen for this paper is Karachi, Pakistan (24°51'35" N-67°0'36" E),
as shown in Figure 1. Karachi, previously known as Khurachee Scinde, is located in the
south of Pakistan along the Arabian sea. It is the hub of land and sea transportation in
Pakistan and has two large seaports: Port of Karachi and Port Bin Qassim. The city also
contains Pakistan’s busiest airport, the Jinnah International Airport. This area has two
small ranges, Khasa and Multi hills. These hills are separated from each other with a wide
coastal plain containing dry riverbeds and water channels. It is the capital of the province
Sindh, with a population of 23.5 million living in the urban area [54]. Despite being a
coastal area and having cold sea breezes, the city is comparatively hot in a large portion of
a year: March to August. The winter plays its part from December to February. Karachi
experiences the highest to lowest temperatures between 285.928 K to 307.594 K, with an
average precipitation of 170 mm annually [55]. In the current study, the boundaries set by
the urban planning authorities of Karachi and those defined by the government of Pakistan
and Sindh development authorities have been used to define the case study area.

k4

Figure 1. Study area image of year 2020 (Karachi), (Source: Esri, GeoEye Imagery). Note: Blue line indicates the city

boundary, red indicates the area under study, including the surroundings, which can affect the city’s weather, while the

green line shows the zoomed version of the encircled region.

The urbanization in Karachi is rapidly expanding. Further, infrastructure construction
and built-up areas are increasing, resulting in the decline of its natural environment. Being
an economic hub, the city has a huge population density that is a key factor for this urban
expansion. To accommodate the population and provide them with better resources, the
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agricultural land in Karachi is regularly replaced by urban areas over time. This urban
development and construction are having detrimental effects on Karachi’s environment
and its local climate [56]. Over the last decade, this urbanization has increased the local
temperature in Karachi due to urban overheating, resulting in serious health concerns for
the city’s inhabitants [57]. An extreme event was observed in June 2015 where a heatstroke
claimed more than 1200 lives in 10 days [58]. Moreover, the severe temperatures of up
to 45 °C due to urban overheating, zero wind activity, and high humidity coupled with
10-18-h power outages have also caused havoc and panic in Karachi’s residents.

Considering that Karachi is a major industrial and metropolitan city of Pakistan, it is
important to prevent such instances from occurring in the future by building city resilience
or reducing the causative factors for such catastrophic events or disasters [59,60]. For this
reason, the urban overheating effect, along with its associated factors such as the UHI, must
be studied and catered for in Karachi. Thus, it is chosen as the case study area in the current
study. Also, Karachi is an important part of the CPEC one belt one road program that will
increase the road infrastructure in the region. This presents a significant threat to the city’s
environment, where the built-up area will be further increased. This will ultimately raise
the LST and add to the urban overheating of Karachi. This provides more impetus to study
urban overheating in Karachi and cater to its causation factors to build its resilience.

Various studies have investigated the heat waves and associated heath strokes in
Karachi over the last decade. These include vulnerability assessment of urban expansion
and associated heatwaves [3], the socioeconomic impacts of heatwaves [61], health impacts
of heatwaves and heat accumulation [62], and generic management of heat waves [62].
However, no study has investigated the urban overheating and associated UHI effects in
the city that is bound to grow and cause more detrimental effects due to CPEC and other
development projects if not catered for appropriately. Therefore, the current study targets
this aspect of Karachi, Pakistan, and uses it as a case study to assess the effects of urban
overheating on the city and proposes LSTM to assess the LST of the city. Accordingly,
mitigation measures can be planned and implemented to deal with such urban overheating
and associated UHI effects in Karachi and similar regions.

3. Methodology

The methodology adopted in the current study consists of three steps: data acquisi-
tion, LSTM network development, and LSTM forecasting model development. In step 1,
data from MODIS and ASTER are acquired and used for pertinent analyses. Based on
this data, in step 2, an LSTM network is developed where back-propagation through a
time algorithm is conducted. Further, the weights are updated using a gradient-based
optimization algorithm. Finally, in step 3, an LSTM forecasting model is developed based
on the LSTM network developed in the previous step. In this model, data processing
modules, network prediction, model evaluation, and network training are incorporated.
The data acquisition, model development, and forecasting based on the developed model
are explained subsequently.

3.1. Data Acquisition

The first step of the method adopted in this study deals with data acquisition. The
data used in this research is taken from MODIS'’s derived thermal indices based on ASTER
sensors. Eight-day 1 km MYD11A2, LST, and emissivity product of the MODIS (resolution
926.626 m) are used in the current study. Further, the sixteen days vegetation indices
MYD13A2 product of MODIS (resolution 926.626 m) of overlapping dates with MYD11A2
have also been used for this study, as shown in Table 1. Data of twenty years (2000 to
2020) with two fixed intervals of January (009-016 days) and May (137-144 days) have
been used. A security flag available with MYD11A2 has been used to select the best quality
pixels for the analysis with the allowable error of 2K. It helped filter out any unreliable or
poor-quality data that may be acquired from the sensors.
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Table 1. The study’s remote sensing data.
Remote Sensing Temporal Spatial
Product Short Name Sensor Platform Resolution Resolution (m)
Land Surface
Temperature and MYD11A2 MODIS Aqua 8-day 926.626
Emissivity
Vegetation Indices MYD13A2 MODIS Aqua l6-day 926.626
Combined Aqua
Land Cover Type MCD12Q1 MODIS and Tera Yearly 463.3
Digital Elevation ASTGTM ASTER Terra 248

Model

Table 1 provides the details of remote sensing data acquired for this study. Accordingly,
two sensors have been used for this study, MODIS, and ASTER, to get data from satellite
platforms of Aqua and Terra. Aqua and Terra are two of NASA’s scientific research satellites
orbiting around the Earth. The orbits of these satellites are timed such that Aqua passes
over the equator from south to north in the afternoon. Similarly, Terra passes from north to
south direction in the morning time over the equator. The MODIS sensor is an important
instrument on board with the platforms/satellites of Aqua and Terra. It has been designed
to observe the land surface, ocean, and Earth’s atmosphere. The use of MODIS and ASTER
sensors on the Aqua and Terra satellites results in a significant improvement in the spatial
resolution of the acquired data. Spatial resolution is highly important as it contributes to
how sharply the objects can be seen in an image. It represents the size of the tiniest feature
captured by a satellite sensor or portrayed in a satellite photo. It is commonly expressed as
a single number representing the length of one of the sides of a square (grid).

The elevation pixels of the study area have been acquired from the ASTER GDEM
map. ASTER GDEM standard data products are produced with 30-m postings and have Z
accuracy between 10 m and 25 m root mean square error (RMSE). To generate scene-based
GDEMs, automated processing, including stereo-correlation of the ASTER GDEM scenes, is
employed. To produce the final pixel value, residual bad values and outliers are eliminated,
and selected data are averaged. The residual anomalies are then corrected, and the data is
partitioned or split into 1 x 1-degree tiles.

3.2. LSTM Network Development

In step two of the method for the current study, an LSTM network is developed. LSTM
is an improved form of the standard RNN with three important threshold functions under
its hidden layer of cell structure, as shown in Figure 2 [15].

In Figure 2, C;_1, H;_1, X;, are the three inputs to the LSTM cell. X;, represents the
input of the current time step. H;_; represents the output of the preceding LSTM unit.
C;_1 is the “memory” of the previous unit and is the most important input. ; is the unit
output while C; is the memory of the current network. Thus, this single unit decides on a
new output based on previous memory, previous output, and current input. Afterward the
memory is modified and stored. Other symbols mentioned in Figure 2 include:

X = Element/point-wise multiplication
+ = Element/point-wise addition

Tanh = Hyperbolic tangent

o = Sigmoid
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Figure 2. Block diagram of LSTM cell unit structure in the hidden layer.

The tan h activation function is utilized for the regulation of the values flowing through
the network. It compresses the values to fall within —1 and 1. The gates use sigmoid (o)
activations. The o and tan h activations are quite similar. However, unlike tan h activation,
the o activation compresses the values to fall within 0 and 1. This is useful in updating or
forgetting data because every value multiplied by 0 yields a null value. This eventually
results in such values being forgotten. Similarly, every number that gets multiplied by
1 yields the same value again. Thus, the value remains unchanged or is “kept as it is.” In
this way, the network filters out the important data by forgetting or keeping the data.

The LSTM'’s capability of learning long-term dependencies makes it reliable for as-
sessments than other methods. Accordingly, it has been used in multiple studies related to
remote sensing and wider urban research. Some examples include, object-based change
detection [63], water depth assessment [64], crop estimation [65], building extraction from
images [66], disaster management [67] and others. LSTM threshold functions, known as
gates, control information storage and data interaction in forward propagation. These
gates comprise the forget gates, denoted by f; in Figure 2, whose function is to keep track
of the data to be kept or discarded. The values of the forget gates are calculated through
Equation (1). The other gates include the input gate, denoted by 7;, which controls the data
entering a cell. In other words, it decides which data should be processed or discarded.
This is computed through Equation (2). Finally, LSTM network consists of the output
gate, denoted by o;, which controls and decides the best alternative among many possible
outcomes to be used for further analyses. This is calculated through Equation (3).

fo= o (Wylhe v, ] +by) (1)
ir = c(Wilhi—1, xt] +b;) )
0r = 0(Wolhi—1, xt] + bo) 3)

Here,
xt = input vector
h;_1 = output vector
o = sigmoid
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Wf, Wi, W, = weights
b Iz b;, b, = deviation matrices

Equation (4) express the updated current time (C;’) equation for the cell state information.
Ct' = tanh(Welhi—1, xt] + bc) 4)

where c is the state and tan & is the activation function. The combined form of forgetting and
input gate for the current time point of the cell state is shown in Equation (5). Equation (6)
shows the output, i.e., the information that is returned to the hidden layer.

Cr=fi*xCrqg+ipxC/ 5)

ht = 0t *x tan h(Ct) (6)

The LSTM models are trained by back-propagation through a time algorithm [19].
Firstly, the output is calculated using Equations (1)-(6) for forward propagation. In the next
step, the error term for each cell is calculated. These include error terms for longitudinal
propagation through layers and temporal transverse propagation. Lastly, based on each
error term, the gradient of each weight is calculated. These weights are updated using a
gradient-based optimization algorithm to give the final model.

3.3. LSTM Forecasting Model

An LSTM model was designed based on RNN and univariate time series data with
limited samples for the current study. Figure 3 shows the LSTM model with a basic
structure consisting of data processing, network prediction, model evaluation, and network
training as the main modules. Using this model, the time series can be predicated as follow.
First, previous data is processed and divided into test and training sets. Then, an LSTM
model is designed and trained on the training sets to make suitable predictions based on
the test data set. Finally, the model’s accuracy is assessed and compared with existing
models to highlight any potential improvements.

&
\
Data . |
e MODIS Data set ————— Data analysis 4 ASTER Data set 1
acquisition —
/
O N SN S N N S S S S SN S S N S B g g g ———
l S 7 1- \

Back-

\ 7/

LSTM 1 Trained LSTM Gradient-based  \

JEEEENEY  propagation structure /’ \ network Optimization algorithm ,'
\

N NN NN S S S S SN SN S S N S . .y

Modules of Modules of %
Modules of Modules of LSTM forecasting Model Network
SEINEWCLN Data processing | Network training model evaluation prediction ¢

W N NN NN NN SN NN SN NN SN SN SN SN NS S S S ——---—----—-——--',
- - ——————————————‘\

\
( Comparison J Accurate results ]
4

T L L L L L L T T TR g

Figure 3. Flowchart representation of methodology for proposing LSTM network.

In the data processing stage, the examined time-series data can be converted into
controlled learning problems by generating overdue input observation and forecast labels.
For a given lag step k, the forecasting value at time ¢ is computed by the input vector
(Ve—kr Yi—k+1, - -+, Yi—1). After that, the loss function of mean square error (MSE) is used
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to train the model on the LSTM network and conduct the forward calculation. Finally, the
ultimate forecasting model, as shown in Equation (7) is used.

Yt = f(Ye—kr Yeoks1s -+ Y1) ?)

where k represents the number of neurons in the input layer of LSTM structure, f is the
forward calculation, ¢t is a period, and y; is the forecasted value.

Forecasted values are calculated through iterations. Accordingly, an initial forecast on
the test data set is taken to create a new input vector and compute the next forecasted value.
This is continued until all forecasted values are obtained, then these values are compared
with the test data set to check the accuracy of the forecasting model.

4. Results and Discussion

The following section encompasses the research results regarding EVI, RD, and ele-
vation’s effect on LST (which eventually causes urban overheating and associated UHI
effects). The results are verified using the year 2020's data. Mean absolute error (MAE),
MSE, and mean absolute percentage error (MAPE) are used to investigate the accuracy
of the developed model. Moreover, the proposed LSTM model has been compared with
the previously used SVR and ANN models to highlight the increase in the accuracy and
efficiency of prediction. This is followed by model evaluation, where the number of pixels
having errors within allowable limits is calculated.

4.1. Land Surface Temperature (LST)

The urban overheating and associated SUHI effect for the summer and winter seasons
of the study area has been analyzed and carried out using eight-day night-time LST data of
the years 2000 to 2020. As a sample, LST images of Karachi for data of the year 2020 are
shown in Figures 4 and 5. In Figures 4 and 5, the data from January represents the winter
season, and data from May represents summer. The x and y-axis in both Figures 4 and 5
depict the latitude and longitude of the map, while the kilometers bar has been added as the
reference scale for the map. Both Figures 4 and 5 depict that the center part of the city, the
Central Business District (CBD), has more built spaces and concrete structures compared
to the previous years. This has resulted in a comparatively higher LST as the built-up
regions have increased compared to the previous years. Interestingly, the non-built-up
region (outside the urban blue boundary) has higher LST pixels than the build-up area
(inside the urban blue boundary). This is because these rural/non-built-up areas of Karachi
comprise dry mountains and barren sandy land, resulting in higher LST.
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Figure 4. (a) Observed and (b) model-predicted LST spatial variation for January.
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Figure 5. (a) Observed and (b) model predicted LST spatial variation for May.

Regardless of this, the main takeaway from these figures is that the relative increase in
the concrete cover in the central region of the city is resulting in the rise of LST. If this trend
carries on, this rising LST value of the central region will soon surpass the LST value of
the surrounding rural region. The figures also show the actual and predicted values of the
region. For the central part of the city, the predicted and actual temperatures are approxi-
mately 293.76 K and 292.92 K respectively in winter, i.e., January, and 302.6 K and 303.06 K
temperatures in summer, i.e., in May. This is in line with previous studies [68-70]. The au-
thors of pertinent studies have reported that LST will increase with more constructed areas
due to high built-up areas, low vegetation, and high use of anthropogenic materials [71]. In
the current study area, due to the progress of CPEC and its associated initiatives, the urban
and constructed area of Karachi has significantly increased. These have contributed to the
rise in LST values and the corresponding urban overheating and UHI effects in Karachi.
This has the potential for a further increase due to more construction and urbanization in
the future.

The LST pattern of Karachi has not changed for two periods since 2019 (January
and May). However, there is an increasing pattern for mean LST values of January and
May from 2000 to 2020. Moreover, urban overheating and UHI intensities, which are
the most quantitative and simplest indicators for the temperature modifications due to
urbanization [72], have been defined by the variation between the urban and rural regions’
respective temperatures. In our study area, the average urban overheating intensity for
May and January is 0.1435 and 0.17615, respectively. The overall mean urban overheating
intensity of the study area for 20 years of the two months (January and May) is 0.1598.
Several parameters like EVI, RD, and elevation affect the LST. Accordingly, these are used
as input parameters to the LSTM model developed in the current study to predict LST
values. The results are subsequently presented and discussed.

4.2. Enhanced Vegetation Index (EVI)

The EVI analysis of Karachi is shown in Figure 6. The areas with high vegetation
index values are shown in blue, those with low values are shown in brown, and those with
intermediate values are shown in yellow. The high and low values are mentioned to define
the range of the EVI values. The results show that EVI for January ranges from —0.0457
to 0.4437 while that for May ranges from —0.0297 to 0.3464. Figure 6 shows abundant
intermediate vegetation compared to a shallow blue area (urban and constructed land).
The area inside the urban boundary is brown, representing lower EVI values due to wider
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built-up areas with an impermeable surface containing little vegetative cover. Previous
studies have also shown that an increase in EVI value means an increase in the vegetation
cover and vice versa [73].
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Figure 6. Study’s area EVI image (a) January (b) May.

In vegetation index images, vegetation index values of rural areas correspond to the
combination of harvested agricultural land and the vegetated ground. It consists of lands
with residual plant parts and bare soil. The vegetation index values are low in summer
due to the low water supply and high temperature, causing a decrease in the vegetation
of Karachi. This is in line with Mathew et al. [10] and Wang et al. [74], who reported that
vegetation index value is lowest in the summer season due to lower water supplies and
higher evaporations. The vegetation index can be increased by planting more trees, pocket
parks, and changing human behaviors [75,76]. The associated urban overheating and UHI
effects can be mitigated by these strategies coupled with urban ventilation in the city [77].

4.3. Road Density (RD)

The road network of Karachi is more than 9500 km in length, as shown in Figure 7.
The high and low values are mentioned to define the range of the RD values. From Figure 7,
it can be seen that the road network is very extensive in the urban areas of Karachi. It has a
much higher road length and density compared to the rural areas (area outside the urban
boundary). The high and low values of RD of Karachi ranges from 0 to 62.45 km/sq.km,
having an average RD of 36 km/sq.km.

Despite its many advantages to the city and country, the CPEC projects have sig-
nificantly increased the city’s road infrastructure, which has a prominent effect on the
surrounding environment of the area under study (Karachi). This has led to increased
urban overheating, UHI effects, and elevated temperatures in the city. As discussed by
Hart and Sailor [78] and Ge et al. [79], through Normalized Difference Built-up Index
(NDBI), roads and constructed environments act as crucial factors in determining the urban
overheating effects. These may lead to higher temperatures if not catered for. This can leave
the area uninhabitable for the residents. Accordingly, strategies like more tree plantation,
urban forest landscapes, structural-taxonomic attributes, and using cooler materials in road
construction have been suggested to mitigate the harmful effects of urban overheating and
the associated UHI effect [75,80].
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Figure 7. Study’s area RD map: (a) road networks; (b) road density.

4.4. Elevation

Correlation analysis was conducted to investigate the impacts of elevation changes
on LST in the study area. The results show that elevation and LST have a significant
correlation value of 0.681 for this region. Thus, the effect of elevation must be taken into
consideration in similar studies. The pixels of the elevation model of the study area are
shown in Figure 8a. These have been produced with ASTER GDEM data at 30 m resolution.
Figure 8 shows the study area elevation to be in the range of 400 m and —19 m. It must be
noted here that the LST image has a resolution of 90 m. To compare any two two data sets,
it is necessary to use uniform spatial resolution for all images. Thus, the ASTER GDEM
image has been resampled to compare LST with elevation, as shown in Figure 8b. Due
to the averaging of neighborhood pixels, the highest and lowest elevations of the study
area changed from 400 to 326 m and from —19 to —3 m, respectively. The GDEM and LST
images are captured to represent the same area on the ground.

A similar technique was applied in previous studies using a resampling tool to get an
ASTER image by Khandelwal et al. [81]. The authors observed a change in elevation in the
resampled images due to averaging of neighboring pixels. As Mathew et al. [10] discussed,
elevation enhances urban overheating; thus, it should be considered when conducting
urban overheating and UHI effect studies.

4.5. Model Validation

Table 2 compares the actual LST values of the study area and the predicted values
from the developed LSTM model. A very close resemblance in minimum, maximum, and
standard deviation values can be observed. Furthermore, the mean values and the standard
deviations are closely aligned, showing higher accuracy of the developed model. This is
complemented by the results from Figures 4 and 5, which show similarities in actual and
predicted LST values. Accordingly, it can be inferred that the LSTM model performed
well for the whole set of periods in the study area. Thus, the LSTM model can predict LST
values of different pixels with high accuracy. Such models can be used to analyze the urban
overheating and associated UHI effects. Mitigations plans can be developed accordingly to
reduce the harmful effects and make the cities more livable and resilient.
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Figure 8. DEM of the study area (a) ASTER DEM (b) Resampled ASTER DEM.

Table 2. Comparison of mean, maximum, and minimum actual and predicted values of LST for 2020.

Day No. Maximum Minimum Mean Standard Deviation
Actual 292.92 305.27 296.42 1.289
January (009-016)
Predicted 293.76 306.19 297.11 1.267
Actual 303.06 321.46 314.76 1.295
May (137-144)
Predicted 302.6 322.42 314.89 1.326

LST values (observed and predicted) have been plotted using 200 randomly selected
pixels from the study area in this study. This is done to assess the temporal variation of the
model’s observed and predicted LST values. Further, the model testing using randomly
selected values from the study area assures that the model develops no harmony or affinity
towards the selected study area. Thus, it can accurately predict LST in various global
cases. The graphical plotting of the values in Figure 9 for January and May, shows a
clearer picture regarding the model’s accuracy. It plots the LST values against the pixel
numbers for both predicted and actual values of the developed model. As a result, the
model shows a consensus or closer proximity for the measurements of the observed and
predicted values. This shows that the model predicts higher as well as lower LST values
with greater accuracy.

The observed LST values have been compared with the predicted LST values, and
the MAE is calculated using Equation (8). The principles of statistics used to examine and
gauge the performance of this proposed model are MAE, MAPE, and MSE. For absolute
error calculation in the model, the difference of both observed and predicted LST values
have been taken for each pixel. In Equation (8), Y represents the observed values, and Q
refers to the predicted values.

Ea=[Y-Q| ®)
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Figure 9. Comparison of the observed and predicted LSTs from the model for randomly chosen pixels from the selected
study area.(a) Graph of May. (b) Graph of January.

MAE is calculated by taking the mean of absolute errors using Equations (9) and (10).
MAE = E4/N ©)

Egp=Ea+Ea+Eas3+...+Ean (10)

Here E41 + Eax + Eaz + ... + E4n are the absolute errors at each selected pixel, and
N refers to the number of pixels. Similarly, the PE, which refers to the percentage error, is
calculated using the ratio of absolute error (E4) to respective observed LST values (Y). The
mean of the absolute percentage errors (MAPE) is given by Equation (11).

MAPE = (1/N)LPE (11)

Minitab® was used to calculate the regression coefficient using the fit regression
model. The MAE, MSE, MAPE for the periods of 2020 are shown in Table 3. From Table 3,
it can be observed that the MAE values of both months are low (0.27 K and 0.29 K). The
MAE values represent a consensus between the predicted and observed LST values of the
proposed model. Similarly, MSE values for both months are also lower, i.e., 0.237 and 0.261.
Furthermore, the largest MAPE value from the proposed model is 0.15%, representing very
little variation among the two streams.
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Table 3. MSE, MAPE, and MAE for both periods.

Month January May
Day No. 009-016 137-144
MAE (K) 0.27 0.29

MAPE (%) 0.15 0.13
MSE 0.237 0.261

In previous studies, SVR and ANN models have been used to predict the LST values,
giving MAE values of 0.525 K and 0.762 K, MSE values of 0.453 and 0.873, and MAPE
values of 0.18% and 0.26%, respectively [26]. In comparison, the proposed model has
comparatively fewer values of all these parameters. Thus, the current model outperforms
these relevant studies and shows a higher accuracy.

The performance of the developed model for January and May is presented in Table 4.
In Table 4, the pixels are categorized based on the error in the prediction of LST values
using the proposed model. The positive error depicts that the observed value is greater
than the predicted LST value. On the other hand, the negative error indicates a higher
predicted value as compared to the observed value. The data in Table 4 shows that most of
the pixel data from the study area have errors falling within the 1 K range (—1 K to +1 K),
which is the least possible error. The percentage of pixels having errors within 1 K is 75%
for January and 55% for May. Most of the pixels having lower error mean less difference
between the actual and predicted values. Thus, it is inferred that the proposed model can
accurately predict the values.

Table 4. Number of pixels (% of pixels) of the Karachi district in different error ranges.

Janua Between Between Between Between Between
Y —3t0 2K  —2to-1K ~1t0 0K 0to1K 1t02K
Day NO 0, 0, 0, 0, O,
009-016 284 (6%) 824 (9%) 1307 (41%) 256 (34%) 171 (10%)
Ma Between Between Between Between Between
y —2to —1K —1to 0K 0to1K 1to 2K 2t0o 3K
Day NO 0, 0, 0, 0, 0,
137144 256 (9%) 512 (18%) 1279 (45%) 284 (10%) 512 (18%)

Figure 10 represents the error in the prediction of the spatial data for the study period.
Distinct colors are used to depict the different ranges of the error between actual and
predicted values. For example, the red color shows the values or areas where the error was
more than 1 K (in the range of 1 K-2 K). From Figure 10, it is observed that the prediction
with a 1 K error is scattered over the study area. Therefore, very few pixels fall outside the
1 K value for error between the observed and predicted LST values. The few pixels with
comparatively greater error predominantly fall outside the urban parameters (i.e., rural
areas). Thus, in the urban region, the observed and predicted values show close similarity,
hence depicting higher reliability of the proposed model.

The reason for the greater error in rural areas is that different seasons and variations
in rainfall intensity cause a significant annual variation to EVI of the rural areas compared
to urban areas [10]. It was noted that the EVI value increased in the warm season and
decreased in cold seasons [26], which provides proof that seasonal variation has a significant
effect on EVI and the associated urban overheating effects. Another factor for higher error
in the rural areas can be its RD. In this study, one RD data is used. There is also a possibility
of change in the ground features of the rural areas due to the development process, such as
the road construction due to CPEC projects causing the RD to change. On the other hand,
such significant changes are not observed in the urban area as the major constructional
features are already built. Thus, the change in RD in the urban area is only due to the
widening of existing roads.
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Figure 10. Error variation between observed and model-predicted LST (a) January (b) May.

Furthermore, a higher density of errors in pixel of urban land beyond 1 K is observed
during May compared to January. This is because May falls in the summer in Karachi. The
temperatures are higher in the summer season, bringing in the heat waves and increas-
ing the associated urban overheating and UHI effects, air pollution, anthropogenic heat,
etc. [82]. Despite these factors, major LST data predicted is within the 1 K error range,
which is reliable for predicting the LST and addressing the detrimental effects of urban
overheating and associated UHI in Karachi.

Overall, Table 4, Figures 9 and 10 are interrelated as these compare the actual and
predicted data. The difference is that Figure 9 represents variations (i.e., error) at each pixel.
Table 4 distributes the pixels (percentage-wise) in various classes based on error ranges.
While Figure 10 is based on the spatial extent and shows the prediction error of various
points in the study area map.

From the above-stated observations and analysis, it can be concluded that the proposed
model is suitable for the prediction of LST. Based on this model, urban overheating and
associated UHI effects can be analyzed and predicted in advance for Karachi and similar
contexts to minimize the detrimental effects and make the cities more resilient and livable.

5. Conclusions

In this paper, LST data of the past 20 years, along with elevation, RD, and EVI, are
used as input parameters for LST prediction to assess urban overheating. An LSTM model
is developed to predict the LST for the study area, i.e., Karachi, Pakistan. The results show
a higher correlation between the actual and predicted data sets of the developed model.
The MAE, MSE, and MAPE values for January are calculated as 0.27 K, 0.237, and 0.15%
and 0.29 K, 0.261, and 0.13%, respectively for May. The low MAE, MSE, and MAPE values
depict that there is very little variation among the two streams of data set (i.e., predicted
and observed values). The proposed LSTM model is also compared with the results of
the previously published ANN and SVR models. The MAE, MSE and MAPE values for
ANN model are 0.76 K, 0.873, and 0.26% while for SVR are 0.52 K, 0.453 and 0.18%. These
values are comparatively higher than the value from the proposed model. This shows the
superior performance of the proposed model. Hence, it is more reliable compared to the
previously developed models.
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The developed model has the least possible prediction error (1 K), and most of the
pixels of the model have errors in the range of —1 K to +1 K. This error is within allowable
limits and shows that the pixels are of supreme quality. The MODIS LST quality criteria
also declare the pixels with errors below or equal to +2 K as good quality for studies
related to urban overheating and associated UHI effects. In this paper, more than 90% of
the pixels lie within the allowed limit of +2 K. Thus, it is concluded that the proposed
LSTM can be utilized for predicting LST of various areas to assess urban overheating and
UHI effects. Thus, it can be used in the planning phase of city development projects for
areas with greater urban overheating and UHI issues.

The current study is limited to a single city (Karachi) in a developing country. Further-
more, the results have not been validated in the field. However, based on several theoretical
validations, it is expected that the proposed LSTM model will give reliable results and
identical results to those recorded for the site temperature in the field.

In the future, based on the accurate LST results from this model, city planners can
propose mitigation strategies to reduce the urban overheating and associated UHI effect
and control different anthropogenic heat sources. In this context, mitigation strategies such
as tree plantation, pocket parks, urban ventilation, and others are proposed. Similar studies
can be conducted in a developed country, and the results can be compared with the current
study to highlight the causes of urban overheating and associated UHI effects in different
contexts. This way, a holistic prediction model can be developed to assess the LST and
associated urban overheating effect for both developing and developed countries. Further,
the study only considers elevation, RD, EVI, and LST. In the future, other parameters
may be assessed and integrated into a holistic LSTM model to enhance its accuracy and
prediction capabilities.

Author Contributions: Conceptualization, Bilal Aslam, Ahsen Maqsoom, Nauman Khalid and Fahim
Ullah; methodology, Bilal Aslam, Ahsen Magsoom, Nauman Khalid and Fahim Ullah; software, Bilal
Aslam, Ahsen Magsoom, Nauman Khalid and Fahim Ullah; validation, Bilal Aslam, Ahsen Magqsoom,
Nauman Khalid, Fahim Ullah and Samad Sepasgozar; formal analysis, Bilal Aslam, Ahsen Magsoom
and Nauman Khalid; investigation, Bilal Aslam, Ahsen Magsoom, Nauman Khalid and Fahim
Ullah; resources, Fahim Ullah and Samad Sepasgozar; data curation, Bilal Aslam, Ahsen Magsoom,
Nauman Khalid and Fahim Ullah; writing—original draft preparation, Bilal Aslam, Ahsen Magsoom,
Nauman Khalid and Fahim Ullah; writing—review and editing, Fahim Ullah and Samad Sepasgozar;
visualization, Bilal Aslam, Ahsen Magsoom, Nauman Khalidand, Fahim Ullah; supervision, Ahsen
Magsoom, Fahim Ullah.; project administration, Ahsen Maqsoom, Fahim Ullah; funding acquisition,
Samad Sepasgozar. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available with the first author and can be shared with anyone
upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

1. Voogt, J.A.; Oke, T.R. Thermal remote sensing of urban climates. Rermote Sens. Environ. 2003, 86, 370-384. [CrossRef]

2. Grimm, N.B,; Faeth, S.H.; Golubiewski, N.E.; Redman, C.L.; Wu, J.; Bai, X.; Briggs, ] M. Global change and the ecology of cities.
Sciences 2008, 319, 756-760. [CrossRef] [PubMed]

3. Arshad, A.; Ashraf, M.; Sundari, R.S.; Qamar, H.; Wajid, M.; Hasan, M.-U. Vulnerability assessment of urban expansion and
modelling green spaces to build heat waves risk resiliency in Karachi. Int. J. Disaster Risk Reduct. 2020, 46, 101468. [CrossRef]

4. Landsberg, H.E. The Urban Climate; Academic Press: Cambridge, MA, USA, 1981.

5. Santamouris, M.; Kolokotsa, D. On the impact of urban overheating and extreme climatic conditions on housing, energy, comfort
and environmental quality of vulnerable population in Europe. Energy Build. 2015, 98, 125-133. [CrossRef]

6. Streutker, D.R. A remote sensing study of the urban heat island of Houston, Texas. Int. ]. Remote Sens. 2002, 23, 2595-2608.

[CrossRef]


http://doi.org/10.1016/S0034-4257(03)00079-8
http://doi.org/10.1126/science.1150195
http://www.ncbi.nlm.nih.gov/pubmed/18258902
http://doi.org/10.1016/j.ijdrr.2019.101468
http://doi.org/10.1016/j.enbuild.2014.08.050
http://doi.org/10.1080/01431160110115023

ISPRS Int. ]. Geo-Inf. 2021, 10, 539 19 of 21

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tran, H.; Uchihama, D.; Ochi, S.; Yasuoka, Y. Geoinformation. Assessment with satellite data of the urban heat island effects in
Asian mega cities. Int. J. Appl. Earth Obs. Geoinf. 2006, 8, 34—48. [CrossRef]

Tiangco, M.; Lagmay, A.; Argete, ]. ASTER-based study of the night-time urban heat island effect in Metro Manila. Int. J. Remote
Sens. 2008, 29, 2799-2818. [CrossRef]

Cheval, S.; Dumitrescu, A. The July urban heat island of Bucharest as derived from MODIS images. Theor. Appl. Clim. 2009, 96,
145-153. [CrossRef]

Mathew, A.; Sreekumar, S.; Khandelwal, S.; Kaul, N.; Kumar, R. Prediction of surface temperatures for the assessment of urban
heat island effect over Ahmedabad city using linear time series model. Energy Build. 2016, 128, 605-616. [CrossRef]

Akbari, H. Energy Saving Potentials and Air Quality Benefits of Urban Heat Island Mitigation. Lawrence Berkeley National
Laboratory. 2005. Available online: https:/ /escholarship.org/uc/item/4qs5f42s (accessed on 11 August 2021).

Sarrat, C.; Lemonsu, A.; Masson, V.; Guedalia, D. Impact of urban heat island on regional atmospheric pollution. Atmos. Environ.
2006, 40, 1743-1758. [CrossRef]

Taha, H. Urban climates and heat islands: Albedo, evapotranspiration, and anthropogenic heat. Energy Build. 1997, 25, 99-103.
[CrossRef]

Gray, K.A.; Finster, M.E. Northwestern University, Evanston, IL. The Urban Heat Island, Photochemical Smog, and Chicago: Local Features
of the Problem and Solution; Atmospheric Pollution Prevention Division U.S. Environmental Protection Agency: Washington, DC,
USA, 2000.

Mirzaei, P.A.; Haghighat, F. A novel approach to enhance outdoor air quality: Pedestrian ventilation system. Build. Environ. 2010,
45,1582-1593. [CrossRef]

Monteiro, FE; Gongalves, W.A.; Andrade, L.d.M.B; Villavicencio, L.M.M.; dos Santos Silva, C.M. Assessment of Urban Heat
Islands in Brazil based on MODIS remote sensing data. Urban Clim. 2021, 35, 100726. [CrossRef]

Py, R.; Gong, P; Michishita, R.; Sasagawa, T. Assessment of multi-resolution and multi-sensor data for urban surface temperature
retrieval. Remote Sens. Environ. 2006, 104, 211-225. [CrossRef]

Mathew, A.; Khandelwal, S.; Kaul, N. Investigating spatio-temporal surface urban heat island growth over Jaipur city using
geospatial techniques. Sustain. Cities Soc. 2018, 40, 484-500. [CrossRef]

Yuan, F; Bauer, M.E. Comparison of impervious surface area and normalized difference vegetation index as indicators of surface
urban heat island effects in Landsat imagery. Remote Sens. Environ. 2007, 106, 375-386. [CrossRef]

Bhattacharya, B.; Mallick, K.; Patel, N.; Parihar, J. Regional clear sky evapotranspiration over agricultural land using remote
sensing data from Indian geostationary meteorological satellite. J. Hydrol. 2010, 387, 65-80. [CrossRef]

Lakshmi, V.; Hong, S.; Small, E.E.; Chen, F. The influence of the land surface on hydrometeorology and ecology: New advances
from modeling and satellite remote sensing. Hydrol. Res. 2011, 42, 95-112. [CrossRef]

Zhangyan, J.; Yunhao, C.; Jing, L. On urban heat island of Beijing based on Landsat TM data. Geo-Spat. Inf. Sci. 2006, 9, 293-297.
[CrossRef]

Jusuf, S.K.; Wong, N.H.; Hagen, E.; Anggoro, R.; Hong, Y. The influence of land use on the urban heat island in Singapore. Habitat
Int. 2007, 31, 232-242. [CrossRef]

Liang, B.; Weng, Q. Development. Multiscale analysis of census-based land surface temperature variations and determinants in
Indianapolis, United States. J. Urban Plan. Dev. 2008, 134, 129-139. [CrossRef]

Munawar, H.S,; Ullah, F; Khan, S.I.; Qadir, Z.; Qayyum, S. UAV Assisted Spatiotemporal Analysis and Management of Bushfires:
A Case Study of the 2020 Victorian Bushfires. Fire 2021, 4, 40. [CrossRef]

Mathew, A.; Sreekumar, S.; Khandelwal, S.; Kumar, R. Prediction of land surface temperatures for surface urban heat island
assessment over Chandigarh city using support vector regression model. Sol. Energy 2019, 186, 404-415. [CrossRef]

Zhang, K.; Wang, R.; Shen, C.; Da, L. Temporal and spatial characteristics of the urban heat island during rapid urbanization in
Shanghai, China. Environ. Monit. Assess. 2010, 169, 101-112. [CrossRef]

Parida, B.; Oinam, B.; Patel, N.; Sharma, N.; Kandwal, R.; Hazarika, M. Land surface temperature variation in relation to
vegetation type using MODIS satellite data in Gujarat state of India. Int. ]. Remote Sens. 2008, 29, 4219-4235. [CrossRef]
Mathew, A.; Khandelwal, S.; Kaul, N. Analysis of diurnal surface temperature variations for the assessment of surface urban heat
island effect over Indian cities. Energy Build. 2018, 159, 271-295. [CrossRef]

Yang, S.; Wang, S. The effect of the afforestation trees in lowering temperatures and enhancing humidity of the air in Guangzhou.
Geographical Series IIL. J. South China Norm. Univ. 1989, 1, 41-46.

Goward, S.N.; Xue, Y.; Czajkowski, K.P. Evaluating land surface moisture conditions from the remotely sensed tempera-
ture/vegetation index measurements: An exploration with the simplified simple biosphere model. Remote Sens. Environ. 2002, 79,
225-242. [CrossRef]

Weng, Q.; Lu, D.; Schubring, J. Estimation of land surface temperature-vegetation abundance relationship for urban heat island
studies. Remote Sens. Environ. 2004, 89, 467-483. [CrossRef]

Huete, A.; Justice, C.; Van Leeuwen, W. MODIS Vegetation Index (MOD 13) Algorithm Theoretical Basis Document, Version 3; National
Aeronautics and Space Administration (NASA): Washington, DC, USA, 1999; Volume 1200.

Khandelwal, S.; Goyal, R. Effect of vegetation and urbanization over land surface temperature: Case study of Jaipur City. In
Proceedings of the EARSeL Symposium, Paris, France, 31 May-3 June 2010; pp. 177-183.


http://doi.org/10.1016/j.jag.2005.05.003
http://doi.org/10.1080/01431160701408360
http://doi.org/10.1007/s00704-008-0019-3
http://doi.org/10.1016/j.enbuild.2016.07.004
https://escholarship.org/uc/item/4qs5f42s
http://doi.org/10.1016/j.atmosenv.2005.11.037
http://doi.org/10.1016/S0378-7788(96)00999-1
http://doi.org/10.1016/j.buildenv.2010.01.001
http://doi.org/10.1016/j.uclim.2020.100726
http://doi.org/10.1016/j.rse.2005.09.022
http://doi.org/10.1016/j.scs.2018.04.018
http://doi.org/10.1016/j.rse.2006.09.003
http://doi.org/10.1016/j.jhydrol.2010.03.030
http://doi.org/10.2166/nh.2011.071
http://doi.org/10.1007/BF02826743
http://doi.org/10.1016/j.habitatint.2007.02.006
http://doi.org/10.1061/(ASCE)0733-9488(2008)134:3(129)
http://doi.org/10.3390/fire4030040
http://doi.org/10.1016/j.solener.2019.04.001
http://doi.org/10.1007/s10661-009-1154-8
http://doi.org/10.1080/01431160701871096
http://doi.org/10.1016/j.enbuild.2017.10.062
http://doi.org/10.1016/S0034-4257(01)00275-9
http://doi.org/10.1016/j.rse.2003.11.005

ISPRS Int. ]. Geo-Inf. 2021, 10, 539 20 of 21

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

Dousset, B.; Gourmelon, F. Satellite multi-sensor data analysis of urban surface temperatures and landcover. ISPRS ]. Photogramm.
Remote Sens. 2003, 58, 43-54. [CrossRef]

Zhang, X.; Zhong, T.; Feng, X.; Wang, K. Estimation of the relationship between vegetation patches and urban land surface
temperature with remote sensing. Int. J. Remote Sens. 2009, 30, 2105-2118. [CrossRef]

Goyal, R.; Khandelwal, S.; Kaul, N. Analysis of relative importance of parameters representing vegetation, urbanization and
elevation with land surface temperature using ANN. In Proceedings of the Geospatial World Forum Hyderabad, Hyderabad,
India, 18-21 January 2011.

United States Environmental Protection Agency. Heat Island Compendium. Available online: https:/ /www.epa.gov/heatislands/
heat-island-compendium (accessed on 29 July 2021).

Battista, G.; de Lieto Vollaro, R.; Zinzi, M. Assessment of urban overheating mitigation strategies in a square in Rome, Italy. Sol.
Energy 2019, 180, 608-621. [CrossRef]

Teferi, E.; Abraha, H. Urban heat island effect of Addis Ababa City: Implications of urban green spaces for climate change
adaptation. In Climate Change Adaptation in Africa; Springer: Berlin/Heidelberg, Germany, 2017; pp. 539-552.

Estoque, R.C.; Murayama, Y. Monitoring surface urban heat island formation in a tropical mountain city using Landsat data
(1987-2015). ISPRS ]. Photogramm. Remote Sens. 2017, 133, 18-29. [CrossRef]

Ranagalage, M.; Dissanayake, D.; Murayama, Y.; Zhang, X.; Estoque, R.C.; Perera, E.; Morimoto, T. Quantifying surface urban
heat island formation in the world heritage tropical mountain city of Sri Lanka. ISPRS Int. |. Geo-Inf. 2018, 7, 341. [CrossRef]
Estoque, R.C.; Murayama, Y.; Myint, S.W. Effects of landscape composition and pattern on land surface temperature: An urban
heat island study in the megacities of Southeast Asia. Sci. Total Environ. 2017, 577, 349-359. [CrossRef]

Simwanda, M.; Ranagalage, M.; Estoque, R.C.; Murayama, Y. Spatial analysis of surface urban heat islands in four rapidly
growing African cities. Remote Sens. 2019, 11, 1645. [CrossRef]

Priyankara, P.; Ranagalage, M.; Dissanayake, D.; Morimoto, T.; Murayama, Y. Spatial process of surface urban heat island in
rapidly growing Seoul metropolitan area for sustainable urban planning using Landsat data (1996-2017). Climate 2019, 7, 110.
[CrossRef]

Cao, J.; Zhou, W.; Wang, ].; Hu, X.; Yu, W.; Zheng, Z.; Wang, W. Significant increase in extreme heat events along an urban—rural
gradient. Landsc. Urban Plan. 2021, 215, 104210. [CrossRef]

Dissanayake, D.; Morimoto, T.; Murayama, Y.; Ranagalage, M. Impact of landscape structure on the variation of land surface
temperature in sub-saharan region: A case study of Addis Ababa using Landsat data (1986-2016). Sustainability 2019, 11, 2257.
[CrossRef]

Xiao, R.-B.; Ouyang, Z.-Y.; Zheng, H.; Li, W.-F; Schienke, EW.; Wang, X.-K. Spatial pattern of impervious surfaces and their
impacts on land surface temperature in Beijing, China. ]. Environ. Sci. 2007, 19, 250-256. [CrossRef]

Myint, S.W.; Brazel, A.; Okin, G.; Buyantuyev, A. Combined effects of impervious surface and vegetation cover on air temperature
variations in a rapidly expanding desert city. GISci. Remote Sens. 2010, 47, 301-320. [CrossRef]

Ashtiani, A.; Mirzaei, P.A.; Haghighat, F. Indoor thermal condition in urban heat island: Comparison of the artificial neural
network and regression methods prediction. Energy Build. 2014, 76, 597—-604. [CrossRef]

Ullah, F,; Al-Turjman, F; Qayyum, S.; Inam, H.; Imran, M. Advertising through UAVs: Optimized path system for delivering
smart real-estate advertisement materials. Int. J. Intell. Syst. 2021, 36, 3429-3463. [CrossRef]

Munawar, H.S.; Ullah, F; Qayyum, S.; Khan, S.I.; Mojtahedi, M. UAVs in Disaster Management: Application of Integrated Aerial
Imagery and Convolutional Neural Network for Flood Detection. Sustainability 2021, 13, 7547. [CrossRef]

Ma, X.; Tao, Z.; Wang, Y.; Yu, H.; Wang, Y. Long short-term memory neural network for traffic speed prediction using remote
microwave sensor data. Transp. Res. Part C Emerg. Technol. 2015, 54, 187-197. [CrossRef]

Aslam, B.; Ismail, S.; Magsoom, A. Geospatial mapping of Tsunami susceptibility of Karachi to Gwadar coastal area of Pakistan.
Arab. ]. Geosci. 2020, 13, 894. [CrossRef]

Alam, K,; Trautmann, T.; Blaschke, T. Aerosol optical properties and radiative forcing over mega-city Karachi. Atmos. Res. 2011,
101, 773-782. [CrossRef]

Raza, D.; Karim, R.; Nasir, A.; Khan, S.; Zubair, M.H. Satellite Based Surveillance of LULC with Deliberation on Urban Land
Surface Temperature and Precipitation Pattern Changes of Karachi. Pakistan. |. Geogr. Nat. Disast. 2019, 9, 1000237.

Ghumman, U.; Horney, ]. Characterizing the impact of extreme heat on mortality, Karachi, Pakistan, June 2015. Prehospital Disaster
Med. 2016, 31, 263. [CrossRef] [PubMed]

Salim, A.; Ahmed, A.; Ashraf, N.; Ashar, M. Deadly Heat Wavein Karachi, July 2015: Negligence or Mismanagement? Int. J.
Occup. Environ. Med. 2015, 6, 249. [CrossRef]

Ullah, F; Qayyum, S.; Thaheem, M.].; Al-Turjman, F.; Sepasgozar, S.M. Risk management in sustainable smart cities governance:
A TOE framework. Technol. Forecast. Soc. Chang. 2021, 167, 120743. [CrossRef]

Atif, S.; Umar, M.; Ullah, F. Investigating the flood damages in Lower Indus Basin since 2000: Spatiotemporal analyses of the
major flood events. Nat. Hazards 2021, 108, 1-27. [CrossRef]

Hanif, U. Socio-economic impacts of heat wave in Sindh. Pak. ]. Meteorol. 2017, 13, 87-96.

Nasim, W.; Amin, A.; Fahad, S.; Awais, M.; Khan, N.; Mubeen, M.; Wahid, A.; Rehman, M.H.; Thsan, M.Z.; Ahmad, S. Future
risk assessment by estimating historical heat wave trends with projected heat accumulation using SImCLIM climate model in
Pakistan. Atmos. Res. 2018, 205, 118-133. [CrossRef]


http://doi.org/10.1016/S0924-2716(03)00016-9
http://doi.org/10.1080/01431160802549252
https://www.epa.gov/heatislands/heat-island-compendium
https://www.epa.gov/heatislands/heat-island-compendium
http://doi.org/10.1016/j.solener.2019.01.074
http://doi.org/10.1016/j.isprsjprs.2017.09.008
http://doi.org/10.3390/ijgi7090341
http://doi.org/10.1016/j.scitotenv.2016.10.195
http://doi.org/10.3390/rs11141645
http://doi.org/10.3390/cli7090110
http://doi.org/10.1016/j.landurbplan.2021.104210
http://doi.org/10.3390/su11082257
http://doi.org/10.1016/S1001-0742(07)60041-2
http://doi.org/10.2747/1548-1603.47.3.301
http://doi.org/10.1016/j.enbuild.2014.03.018
http://doi.org/10.1002/int.22422
http://doi.org/10.3390/su13147547
http://doi.org/10.1016/j.trc.2015.03.014
http://doi.org/10.1007/s12517-020-05916-4
http://doi.org/10.1016/j.atmosres.2011.05.007
http://doi.org/10.1017/S1049023X16000273
http://www.ncbi.nlm.nih.gov/pubmed/27046134
http://doi.org/10.15171/ijoem.2015.678
http://doi.org/10.1016/j.techfore.2021.120743
http://doi.org/10.1007/s11069-021-04783-w
http://doi.org/10.1016/j.atmosres.2018.01.009

ISPRS Int. ]. Geo-Inf. 2021, 10, 539 21 of 21

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Jing, R.; Liu, S.; Gong, Z.; Wang, Z.; Guan, H.; Gautam, A.; Zhao, W. Object-based change detection for VHR remote sensing
images based on a Trisiamese-LSTM. Int. ]. Remote Sens. 2020, 41, 6209-6231. [CrossRef]

Li, X.-M.; Ma, Y,; Leng, Z.-H.; Zhang, J.; Lu, X.-X. High-accuracy remote sensing water depth retrieval for coral islands and reefs
based on LSTM neural network. J. Coast. Res. 2020, 102, 21-32. [CrossRef]

de Macedo, M.M.G.; Mattos, A.B.; Oliveira, D.A.B. Generalization of Convolutional LSTM Models for Crop Area Estimation.
IEEE ]. Sel. Top. Appl. Earth Obs. Remote Sens. 2020, 13, 1134-1142. [CrossRef]

Wang, Y.; Gu, L.; Li, X,; Ren, R. Building Extraction in Multitemporal High-Resolution Remote Sensing Imagery Using a
Multifeature LSTM Network. IEEE Geosci. Remote Sens. Lett. 2020, 1-5. [CrossRef]

Qadir, Z.; Ullah, F.; Munawar, H.S.; Al-Turjman, F. Addressing disasters in smart cities through UAVs path planning and 5G
communications: A systematic review. Comput. Commun. 2021, 168, 114-135. [CrossRef]

Kafy, A.A.; Abdullah Al, F; Rahman, M.S,; Islam, M.; Al Rakib, A.; Islam, M.A.; Khan, M.H.H.; Sikdar, M.S.; Sarker, M.H.S.;
Mawa, J.; et al. Prediction of seasonal urban thermal field variance index using machine learning algorithms in Cumilla,
Bangladesh. Sustain. Cities Soc. 2021, 64, 102542. [CrossRef]

Ranagalage, M.; Ratnayake, S.S.; Dissanayake, D.; Kumar, L.; Wickremasinghe, H.; Vidanagama, J.; Cho, H.; Udagedara, S.;
Jha, K K.; Simwanda, M. Spatiotemporal variation of urban heat islands for implementing nature-based solutions: A case study
of Kurunegala, Sri Lanka. ISPRS Int. . Geo-Inf. 2020, 9, 461. [CrossRef]

Sarif, M.; Rimal, B.; Stork, N.E. Assessment of changes in land use/land cover and land surface temperatures and their impact on
surface urban heat island phenomena in the Kathmandu Valley (1988-2018). ISPRS Int. |. Geo-Inf. 2020, 9, 726. [CrossRef]
Nurwanda, A.; Honjo, T. The prediction of city expansion and land surface temperature in Bogor City, Indonesia. Sustain. Cities
Soc. 2020, 52,101772. [CrossRef]

Memon, R; Leung, D.; Liu, C.-H. An investigation of urban heat island intensity (SUHII) as an indicator of urban heating. Atmos.
Res. 2009, 94, 491-500. [CrossRef]

Gui, X.; Wang, L.; Yao, R.; Yu, D.; Li, C. Investigating the urbanization process and its impact on vegetation change and urban
heat island in Wuhan, China. Environ. Sci. Pollut. Res. 2019, 26, 30808-30825. [CrossRef]

Wang, Z.; Liu, X.; Wang, H.; Zheng, K.; Li, H.; Wang, G.; An, Z. Monitoring Vegetation Greenness in Response to Climate Variation
along the Elevation Gradient in the Three-River Source Region of China. ISPRS Int. ]. Geo-Inf. 2021, 10, 193. [CrossRef]

Tan, Z.; Lau, KK.-L.; Ng, E. Urban tree design approaches for mitigating daytime urban heat island effects in a high-density
urban environment. Energy Build. 2016, 114, 265-274. [CrossRef]

Lin, P; Lau, S.S.Y,; Qin, H.; Gou, Z. Effects of urban planning indicators on urban heat island: A case study of pocket parks in
high-rise high-density environment. Landsc. Urban Plan. 2017, 168, 48—60. [CrossRef]

Wong, M.S.; Nichol, J.E.; To, PH.; Wang, J. A simple method for designation of urban ventilation corridors and its application to
urban heat island analysis. Build. Environ. 2010, 45, 1880-1889. [CrossRef]

Hart, M.A; Sailor, D.J. Quantifying the influence of land-use and surface characteristics on spatial variability in the urban heat
island. Theor. Appl. Climatol. 2009, 95, 397-406. [CrossRef]

Ge, X.; Mauree, D.; Castello, R.; Scartezzini, J.-L. Spatio-Temporal Relationship between Land Cover and Land Surface Tempera-
ture in Urban Areas: A Case Study in Geneva and Paris. ISPRS Int. ]. Geo-Inf. 2020, 9, 593. [CrossRef]

Yang, Y.; Lv, H.; Fu, Y.; He, X.; Wang, W. Associations between road density, urban forest landscapes, and structural-taxonomic
attributes in northeastern china: Decoupling and implications. Forests 2019, 10, 58. [CrossRef]

Khandelwal, S.; Goyal, R.; Kaul, N.; Mathew, A. Assessment of land surface temperature variation due to change in elevation of
area surrounding Jaipur, India. Egypt. J. Remote Sens. Space Sci. 2018, 21, 87-94. [CrossRef]

Liu, W,; Ji, C;; Zhong, ].; Jiang, X.; Zheng, Z. Temporal characteristics of the Beijing urban heat island. Theor. Appl. Clim. 2007, 87,
213-221. [CrossRef]


http://doi.org/10.1080/01431161.2020.1734253
http://doi.org/10.2112/SI102-003.1
http://doi.org/10.1109/JSTARS.2020.2973602
http://doi.org/10.1109/LGRS.2020.3005018
http://doi.org/10.1016/j.comcom.2021.01.003
http://doi.org/10.1016/j.scs.2020.102542
http://doi.org/10.3390/ijgi9070461
http://doi.org/10.3390/ijgi9120726
http://doi.org/10.1016/j.scs.2019.101772
http://doi.org/10.1016/j.atmosres.2009.07.006
http://doi.org/10.1007/s11356-019-06273-w
http://doi.org/10.3390/ijgi10030193
http://doi.org/10.1016/j.enbuild.2015.06.031
http://doi.org/10.1016/j.landurbplan.2017.09.024
http://doi.org/10.1016/j.buildenv.2010.02.019
http://doi.org/10.1007/s00704-008-0017-5
http://doi.org/10.3390/ijgi9100593
http://doi.org/10.3390/f10010058
http://doi.org/10.1016/j.ejrs.2017.01.005
http://doi.org/10.1007/s00704-005-0192-6

	Introduction 
	Study Area 
	Methodology 
	Data Acquisition 
	LSTM Network Development 
	LSTM Forecasting Model 

	Results and Discussion 
	Land Surface Temperature (LST) 
	Enhanced Vegetation Index (EVI) 
	Road Density (RD) 
	Elevation 
	Model Validation 

	Conclusions 
	References

