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Keywords: Increasing land surface temperature (LST) and urban heat island intensity (UHII) have been re-
Climate mitigation ported to be closely associated with a large number of environmental issues. Understanding LST
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and UHII rise in cities during heatwaves is crucial for implementing mitigation measures. This
paper aims to explain these variations in response to LST and UHII during a heat wave in the
metropolis of Tehran in Iran. 13 heat waves were selected and evaluated during the years 2000 to
2020. The average LST was 3.34 °C higher at the same time as the heat wave event compared to
the period without the wave. Despite the increase in LST during the heat wave occurrence, UHII
experienced lower values compared to the time without the wave. The outputs in this regard show
that the average UHII value for the period without a heat wave is 5.11 °C, while during the heat
wave, its rate is 3.62 °C. The maximum intensity of the heat island for both periods before and at
the same time as the heat wave is related to man-made compact midrise buildings and heavy
industry. Extra-local factors during heat waves can lead to diminish land use diversity and
vegetation density’s effectiveness in reducing UHIIL.

1. Introduction

The relationship between urbanization, climate change and microclimate in the built environment is complex (Makvandi et al.,
2019; Yang et al., 2023). With the proliferation of satellite map datasets with historical observations of land surface temperature and
an abundance of weather datasets from weather stations around cities, there is an opportunity to contribute further to the under-
standing of this complex relationship (Good et al., 2017), especially during heat waves (Gogoi et al., 2019). Remoting sensing can
sometimes stay superficial and two-dimensional, failing to characterize the spatial and temporal variations of the urban thermal layer,
especially in cities. Therefore, coupling the satellite maps with historical observations of land surface temperature (LST), thermal
bands, red bands near-infrared bands with ambient air temperature from weather files can improve the characterization of the urban
thermal layer and accurately articulate its uniformity.

In many large global cities, the relationship of surface urban heat islands with air temperature and precipitation is relatively stable,
with positive correlations during the day and negative correlations at night, and shows no obvious differences in macro-climatic
conditions and urban size (Li et al., 2020). However, on the micro-scale, the urban thermal layer remains not uniform and varies
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spatially depending on the urban morphology, surface materials and vegetation (Lai et al., 2019). A closer characterization is needed
on the microscale to identify the hotspots on the urban scale, especially in cities with large populations (Schwarz et al., 2012).

Therefore, the current research aims to analyze the relationship between heat waves and UHIs in the metropolis of Tehran and to
evaluate the role of different land uses in the UHII during the years 2000 to 2020. Tehran city experiences heat waves in some periods
due to exposure to the influence of the Azores and the hot and dry air of the African and Arabian deserts (Darand and Halabian, 2013;
Nasiri, 2016; Barati et al., 2021). The following research questions are guiding the research investigation toward a better under-
standing of the complex relationship between urbanization and microclimate during heat waves (Good et al., 2017). The research
answers the following questions:

e What is the frequency occurrence and intensity of heat waves in Tehran between 2000 and 2020?
e What are the spatial-temporal patterns of urban heat islands in Tehran before and after heat waves?
e What is the effect of local climate zones and vegetation on the urban heat island intensity patterns?

Understanding the characteristics of heat waves in this city and their effect on UHII is an important issue that can help planning in
different sectors such as water resources, agriculture and the environment and provide the necessary awareness, recommendations and
solutions. The results are key to understanding the local climate and the cities’ hot spots during heat waves. More importantly, results
can be presented to city managers, landscape designers, gardeners and climate department officials in cities for the unexpected events
in Tehran and cities in the same climatic class of the semi-arid, continental climate. As can be seen in Fig. 1, there are major cities with
similar climates in other regions around the world. Therefore, our study will be useful to improve the understanding of the impact of
heat waves on the urban heat island effect intensity (UHII) and allow the deepening of the understanding of this complex relationship
globally and better manage it (Daniel et al., 2018).

Investigating the relationship between heat waves and UHIs in recent years has often attracted the attention of researchers around
the world (Cui et al., 2023; Cheval et al., 2024; Dezso et al., 2024). However, in Iran, these two phenomena have often been studied
separately, and in limited studies (Ghobadi et al., 2018; Keikhosravi, 2019; Firozjaei et al., 2020), the effect of heat waves on the
changes in the UHII pattern has been studied. Therefore, the current study considers the changes in the UHII for the period before and
during the heat wave event. It will be evaluated for 13 study cases for the city of Tehran.

In this research, the behavior of different local climate zones in the spatial pattern of UHII will be investigated. The research
methodology followed four key steps. First, the threshold of heat wave occurrence and an analysis of their frequency, intensity and
continuity for the city of Tehran during the years 2000 to 2020. In the next step, the determination of 13 selected heat waves and
monitoring of spatial-temporal LST patterns before and simultaneously with the occurrence of the wave heat. In the third step,
determine the intensity pattern of the heat island and compare it before and simultaneously with the consequence of the heat wave. In
the final stages, evaluate the role of local climate zones and changes in the Normalized difference vegetation index (NDVI) in the
formation of different patterns of UHII throughout Tehran.

2. Literature review

A heat wave is defined as an unusual and exceptional continuation of hot weather that can create a crisis for humans and the
environment (Nobert and Pelling, 2017; Cuerdo-Vilches et al., 2023) and reducing the consequences of this risk depends on identifying
the atmospheric systems that create and predicting the time and place of their occurrence (Alghamdi and Harrington, 2016; Fonseca-
Rodriguez et al., 2023). Cities, in most cases, experience special climatic conditions called urban climate. Urban climate through the
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difference in the climatic variables of the city (temperature, humidity, wind, precipitation) from the less dense surrounding areas is
identified (Kuttler, 2008).

The land surface temperature is one of the key parameters in the physical, chemical and biological control of earth processes. It is
considered an important factor in the study of urban climate. Khandelwal et al. (2017); Masson et al. (2020). The stagnant atmospheric
conditions resulting from heat waves trap pollutants in urban areas. The addition of severe stress of toxic pollutants to the dangerous
stress of the existing hot air creates an environmental problem on a large scale (Almusaed, 2011: 139; Yilmaz et al., 2023; Tsao et al.,
2023).

Researchers believe that during recent years, climate change and global warming have led to an increase in the frequency and
continuity of heat waves in different parts of the world. Therefore, the continuous increase in the temperature of the city as a UHI on
the one hand and the sudden occurrence of heat waves as one of the important climate hazards on the other hand, have caused the
concern of urban management policymakers (Mika et al., 2018; Yang et al., 2020; Ullah et al., 2023; Singh and Mall, 2023; Caldeira
et al., 2023). Because the occurrence of these two phenomena can intensify the heat of the cities, especially in the big cities, and as a
result, it will cause much environmental damage.

According to the explanations provided and considering the adverse environmental consequences and the consequences of extreme
climatic events such as heat waves, the need for research in this field becomes more apparent. On the other hand, one of the envi-
ronmental hazards and ecological crises that the world is facing today is the phenomenon of land use change (Yu and Zhou, 2018; Ma
etal., 2018; Wang and Wang, 2022). Urbanization has changed the types of land cover in urban areas, which leads to the formation of
distinct climates compared to the surrounding areas. Land use changes affect a wide range of environmental characteristics of cities,
including their atmospheric pattern and air quality (Kilkis, 2022; Pande et al., 2023).

Timely and accurate detection of these types of changes is the basis of a better understanding of the relationships and interactions
between humans and natural phenomena, and as a result, provides better management and more appropriate use of natural resources.
The process of indiscriminate construction and reduction of green spaces as urban lungs leads to negative changes in the microclimate
of cities. The type of land use plays a very important role in the LST of cities and is influential in the formation of the UHI (Chen et al.,
2022; Yuan et al., 2023; Najah et al., 2023).

Therefore, this study aims to bridge this knowledge gap by charcterisation of the UHII during heat waves in the diverse urban
morphology of Tehran. The current study considers the changes in the UHII for the period before and at the same time as the heat wave
event.

3. Study region

The Tehran study region is located in the northern portion of the central Iranian plateau (35°07' N; 51°24' E) and covers an area of
18,909 km?. Over the past few decades, Tehran’s population has been steadily growing and is currently estimated at around 8.3 million
(Dadashpoor, 2017). The climate in Tehran is semi-arid with a continental character, but it also exhibits a Mediterranean-type pre-
cipitation pattern (Koppen “climate classification: BSk).
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Fig. 2. The study region illustrates the changes in land use over time and the main weather stations utilized in this research.
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The city’s geographic location, particularly its proximity to the Alborz Mountains in the north, greatly influences its climate by
causing cold and subsiding airflow. Summers in Tehran are generally hot and dry, with an average temperature of 28.8 °C. Spring and
autumn are mild and relatively dry, with mean temperatures of 22.6 °C and 11.9 °C, respectively. Winters are cold and wet, with an
average temperature of 6.8 °C (Roshan et al., 2010; Ghanghermeh et al., 2013, 2019).

4. Data and methodology

Two types of data are used in the present study. The first category includes air temperature (AT) data that is measured at the
weather station level, and the other is data related to satellite images. The land surface temperature can be mentioned among the data
related to satellite images. The data related to AT includes the average daily temperature values of meteorological stations in Tehran
(Mehrabad, Geophysics and Shemiranat stations) (Fig. 2) for the period 1990 to 2020, which was prepared by the Islamic Republic of
Iran Meteorological Organization (IRIMO).

At first, based on the data from three meteorological stations, a total average was extracted, and other works were done on this time
series. In this study, heat wave event periods were identified using mean daily air temperature data. In the current research, although
our main focus is only on the time series of 2000 to 2020, in order to determine the appropriate threshold of heat wave occurrence, the
length of the study period was extended to 30 years (1990 to 2020). The threshold of heat wave occurrence can be identified based on a
standard statistical period. In general, there is no uniform and comprehensive method for identifying heat waves. At the same time, one
of these methods is using the 95th percentile of the AT component (Anderson and Bell, 2011; Xu et al., 2016; Roshan et al., 2018;
Sharafkhani et al., 2020).

Therefore, based on the 95th percentile index of the mean daily AT component, the threshold for the occurrence of a heat wave for
the city of Tehran was determined as 32.32 °C. On the other hand, it is necessary to explain that the AT threshold is not the only
criterion to determine the heat wave. Rather, time continuity is also considered as a measure of heat wave occurrence. In various
studies, this duration is considered to be at least 3, 5 or 7 days (Huynen et al., 2001; Kornus et al., 2023). In the current research, a
period in which the mean daily AT threshold exceeds the 95th percentile for at least three continuous days is known as a heat wave.
The coldest day experienced in the 2 weeks before the wave event is introduced as the No heat wave period (Maleki Meresht et al.,
2021; Maleki Rashti et al., 2022).

4.1. Extraction of LST data from MODIS sensor and calculation of UHII

The MODIS sensor is installed on two AQUA and TERRA satellites and has been covering the earth since 2000. The MODIS sensor
has 36 spectral bands in the visible, reflective infrared and thermal infrared spectral ranges. Meanwhile, 20 bands in the reflective
range and 16 bands in the thermal range take images. From a spatial point of view, the measuring bands of MODIS produce images with
an accuracy of 250, 500 and 1000 m and provide the possibility of monitoring land changes on a daily basis. In this research, MODIS
thermal bands with a spatial resolution of 1 km have been used.

MODIS images are captured for the entire earth once every 2 days, with the satellite orbit taking 99 min. All 36 MODIS bands are
used for daytime imaging, and bands 20-36 (MODIS thermal bands) bands are used for nighttime imaging. Normally, the overpass of
Terra satellite’s sensor for Iran is between 10:30 and 11:30 am (local time) in the morning and for the evening at about 22:30 pm
(Roshan et al., 2022).

Nighttime temperature data are more accurate compared to daytime data because there is no effect of daily solar radiation in them,
and it is possible to estimate temperature with higher accuracy. In this regard, nighttime thermal data allows more accurate monitoring
of the urban heat island (Reisi et al., 2019; Siddiqui et al., 2021). Therefore, in the present study, night LST has been used in order to
identify the temporal-spatial patterns of UHII. It is worth mentioning that for each period of heat wave occurrence with different
durations, an average LST of that period has been prepared. For the period without a heat wave, the LST corresponds to the coldest day
that was experienced at most 2 weeks before the heat wave period. The specifications for each of the images were obtained from the
Google Earth Engine system, related to the Terra satellite MODIS sensor.

In general, human activities, land uses and population of the urban environment are all factors that increase the LST of the city
compared to its surrounding environment. This LST difference between the urban and its surroundings is known as the UHI (Cai et al.,
2023; Foissard et al., 2019). By using satellite images in remote sensing, it is possible to identify and monitor its changes. However, UHI
detection techniques may have differences. In this study, two methods have been used to study the UHIL First, the temperature dif-
ference between the LST of the over urban area (LSTy;3q,) compared to the overall mean LST of the suburbs (rural) LSTg, is a criterion
for determining the UHII, which is calculated as follows (Eq. 1):

UHII = mUrban - ﬁRuml 1)

The mean LST of all the cells inside the urban was used, and the suburb area (rural) was considered at a distance of less than 3 km
around it to determine the LST of the urban area. In order to determine the LST of the suburban area, similar to the urban area, the LST
of all the cells inside this area was calculated, and its average was used to determine the UHIL

But in the second method, for mapping, the LST difference between the LST of each pixel (LSTp,) compared to the overall average
LST of the countryside (village) LSTg, Was calculated. In the second method, an output is extracted for each pixel, based on which
mapping is also done. This method is also introduced with the abbreviation PUHII (Eq. 2):
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PUHII = LSTp, — LSTrya @

4.2. Production of the normalized difference vegetation index map

The normalized difference vegetation index (NDVI) is a widely used metric for quantifying the health and density of vegetation
using sensor data. It is calculated from spectrometric data at two specific bands: red and near-infrared. The spectrometric data is
usually sourced from remote sensors, such as satellites.

In this study, Landsat satellites 7 and 8 from 2000 to 2020 are used to collect thermal bands, red bands (RED) and near-infrared
bands (NIR). For this purpose, we considered days with 10% or less cloud cover. The LST was estimated using pre-processed spectral
bands in an ‘Earth Engine’ environment, as explained in the previous section, and then NDVI was estimated using the equation below
(Nakano et al., 2023):

NIR — RED

NDVI = R RED @

In Table 1, the details of Urban vegetation classes and NDVI value are provided (Akbar et al., 2019):

4.3. Production of local climate zones map

Physical development and climate change contribute to the Urban Heat Island (UHI) effect and significant temperature differences
between cities and their surrounding areas. However, the urban thermal layer is not uniform and varies spatially and temporally. The
variability in the urban thermal layer, which can be measured using near-surface air cover, depends on land use/cover types and
human activities. Consequently, the diversity and intensity of human activities in different parts of the urban environment create
varying microclimates.

Classifying satellite images and producing thematic maps, including land use maps and distinguishing urban areas from more open
or barren lands, pose challenges and may contain subtle errors. Nevertheless, in recent years, a widely-used method called ‘Local
Climate Zone’ (LCZ) classification has been developed to address some of these challenges (e.g., Daramola and Balogun, 2019; He
et al., 2019; Kotharkar and Bagade, 2018; Roshan et al., 2021). The LCZ classification strategy defines and establishes standardized
urban classification using satellite images. It separates different climatic zones within a city based on the climate of local zones. These
standards are globally uniform and do not change across regions.

Landsat 8 and 5 satellite images were used in the SAGA-GIS software environment to estimate land use changes for 17 urban classes,
including various types of buildings with different densities and floors, industrial use, and natural and agricultural areas (Stewart and
Oke, 2012; Stewart et al., 2014)(. For Landsat 8 satellite images, 9 bands (9-10, 1 to 7) with cloud cover less than 10% were utilized.
For Landsat 5 images, bands of red, green, blue, and thermal were used. The inclusion of thermal bands allows for the differentiation of
land uses based on temperature anomalies and microclimates.

Access to terrestrial data is required for this method due to the nature of the classes used. While some data can be manually ob-
tained using Google Earth, other data, such as statistics for residential and industrial areas (including the number of floors in each area
of Tehran), necessitate field surveys. The Tehran Municipality provides block statistics in the form of shapefiles. For more detailed
information on this method and the definitions of different LCZ classes, please refer to Stewart et al. (2014). Three study periods (2000,
2010, and 2020) were considered to analyze LCZ for Tehran, and the transformation of different classes established during these
periods is shown in Fig. 2. In the following the flowchart of the different stages of the research is presented in Fig. 3.

5. Results
5.1. Analysis of the frequency of occurrence of heat waves in Tehran
In this study, during the years 2000 to 2020, about 52 heat waves with durations of 3 to 18 days were identified. In total, heat waves

with a duration of 3 days are the most abundant with 13 periods, then heat waves with a duration of 4 days were identified for 11
periods. For each of 10 to 14 and 18 days, only one study period was identified (Fig. 4a). In Fig. 4a, the number of occurrences of heat

Table 1
Suitable normalized difference vegetation index (NDVI)
ranges were identified for the land cover classes (Akbar et al.,

2019).
Class NDVI value
Water —0.28-0.015
Built-up 0.015-0.14
Barren land 0.14-0.18
Shrub and grassland 0.18-0.27
Sparse vegetation 0.27-0.36
Dense vegetation 0.36>
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Fig. 3. Flowchart of various stages involved in research study.

waves with different daily durations is displayed. Fig. 4b also shows the frequency of occurrence of heat waves with different durations
during the study years.

Based on this figure, it is clear that the years 2004, 2017 and 2020 are among the years for which the occurrence of heat waves has
not been detected. However, 2011 with 8 waves, 2014 with 6 occurrences and 2006 with 5 occurrences of heat waves are in the first to
third ranks. On the other hand, the longest heat wave was observed in 2003, with a duration of 18 days, then in 2018, a duration of 14
days, in 2009 and 2010, respectively, with a duration of 13 and 12 days. In general, based on Fig. 4b, it is clear that the daily continuity
of heat waves in Tehran has increased since the second decade of studies.

In this study, only heat waves were selected for study when the cloudiness of the sky was less than 10%. This caused the number of
selected heat waves to decrease. On the other hand, the study of all heat waves increases the output and complexity of the content, and
more space should be allocated for the analysis of the findings, which led to only 25% of the heat waves (a quarter) being selected for
this study. In Table 2, the mean daily AT for the period of occurrence of selected heat waves is presented along with the period without
their heat waves. The mean daily AT for 13 heat wave events is 33.4 °C, which is 27.2 °C for the period before the heat wave. As can be
seen, the mean daily AT during a heat wave is about 6.2 °C higher than the period without a heat wave. In the Fig. 5, selected heat
waves are displayed.

5.2. Monitoring the spatial-temporal patterns of Tehran’s UHI at the same time and before the heat wave event

It is necessary to explain that due to the limited space of the research and the reduction of the complexity of the content, averages
are taken from the 13 studied cases, and the outputs will be interpreted based on the average maps.

At this stage, the pattern of LST changes before and simultaneously with the heat wave of Tehran city is presented. As the results
show, the average LST according to 13 study events before the occurrence of the heat wave is 23.05 °C, and at the time of the
occurrence of the heat wave, it is 26.39 °C. The results show that in all 13 studied periods, the LST at the same time as the heat wave
occurs is higher than the LST before the heat wave occurs. So that this increase in LST varies from a minimum of 0.55 °C to a maximum
of 8.61 °C, and its average value is 3.34 °C.

In Fig. 6, the LST spatial pattern is displayed for the period before the heat wave and at the same time as a heat wave. In total,
according to the overall average of all studied cases, it can be seen that before the heat wave, the LST values fluctuated from a
minimum of 16.33 °C to a maximum of 25.84 °C in Tehran. However, at the same time as the heat wave occurs, LST fluctuations are
zoned from a minimum of 19.84 °C to a maximum of 28.92 °C throughout the city of Tehran. For both study times, it can be seen that
the northern belt and cores (zone) in the southeast of Tehran experienced the minimum LST values and the maximum is related to the
central areas that spread toward the east of Tehran (Fig. 6a, b).

Fig. 7a shows the comparison of the area (percentage) of different temperature classes (LST) throughout the city in times without
and concurrent with the heat wave. From this figure, it can be seen that the skewness of the LST curve for the period at the same time as
the heat wave occurred tended more to the right. In fact, this means that for the period of heat wave occurrence, an area of the city
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Fig. 4. (a) Frequency of heat waves with different periods. (b) Annual frequency of heat waves with different periods.

whose LST has more temperature thresholds has a larger width compared to the period without heat wave occurrence. As the results
show, the frequency of LST classes of 16 to 22 °C and 22.1 to 29 °C, respectively, for the period without the occurrence of a regional
heat wave, is equivalent to 24.73% and 75.27% of the area of Tehran, while the area of these classes for the period with the occurrence
of the heat wave, it includes 0.40% and 99.60%. The difference of LST at the same time as the heat wave event compared to the period
before the wave shows that there is an increase in LST from at least 2.44 °C to 4.42 °C in the over city.

According to Fig. 6¢, it can be seen that the maximum rate of LST increase is for the northern strip of Tehran city, with a greater
concentration for the northeast. On the other hand, the minimum LST increase is spread in the form of cores (zones) in the city, which
are mainly concentrated in the west, south and southeast of Tehran.

Nevertheless, in the following, we can refer to the variability pattern of UHII for the period without a heat wave and simultaneously
with the occurrence of a heat wave. It is necessary to remember that Eq. 2 was used for the zoning of the UHII map. So that for each
pixel, a different value of UHII was extracted and based on them, a UHII map was prepared. The outputs in this regard show that the
average UHII value for the period without a heat wave is 5.11 °C, while during the heat wave, its rate is 3.62 °C.

The results show that in all 13 studied periods, the UHI at the same time as the occurrence of a heat wave had a lower intensity
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Table 2
The mean daily AT for the period without heat waves and simultaneously with selected heat waves. Continuity of heat wave (COHW); Air temperature
during heat wave (ATDHW); Air temperature during no heat wave (ATDNHW); ATa = ATDHW - ATDNHW.

The case The date no heat wave The duration (day) of the heat wave COHW Mean ATDHW Mean ATDNHW ATa
number (NHW) (HW) event (days) Q) “QC) ()
1 2000-06-14 (2000-06-21 to 2000-06-24) 4 33.3 19.4 13.9
2 2001-08-17 (2001-08-20 to 2001-08-24) 5 33.4 28.4 5.0
3 2002-07-29 (2002-08-22 to 2002-08-24) 3 32.9 28.2 4.7
4 2005-06-28 (2005-07-04 to 2005-07-07) 4 33.5 27.5 6.0
5 2006-06-07 (2006-06-22 to 2006-06-29) 8 33.1 26.1 7.0
6 2006-07-02 (2006-07-07 to 2006-07-10) 4 35.1 27.3 7.8
7 2006-07-13 (2006-07-24 to 2006-07-29) 6 33.5 28.5 5.1
8 2007-06-05 (2007-06-13 to 2007-06-19) 7 32.9 24.5 8.4
9 2010-06-25 (2010-06-28 to 2010-07-12) 15 34.9 29.0 6.0
10 2011-07-29 (2011-07-31 to 2011-08-08) 9 33.6 29.6 4.0
11 2012-06-24 (2012-07-05 to 2012-07-14) 10 33.2 27.4 5.8
12 2015-08-10 (2015-08-17 to 2015-08-19) 3 323 27.9 4.4
13 2018-07-05 (2018-07-17 to 2018-07-27) 11 33.0 30.0 2.9
Table 3
LST and UHII values for the period without heat waves and simultaneously with selected heat waves.
The case Mean LST in duration of NHW Mean LST in duration of HW Mean UHII in duration of NHW Mean UHII in duration of HW
number (({9) Q) ({O] (9]
1 19.08 25.10 4.33 3.89
2 23.56 25.97 4.25 3.86
3 24.03 24.58 11.36 3.49
4 20.34 26.39 3.77 3.60
5 25.18 27.38 3.77 3.60
6 24.67 26.84 4.55 4.12
7 17.56 26.16 5.61 3.75
8 24.37 28.09 3.96 3.29
9 21.30 24.39 3.46 3.33
10 25.66 27.09 3.81 3.46
11 23.31 26.15 3.56 3.49
12 24.23 26.71 10.09 3.58
13 26.40 28.21 3.87 3.55
Average 23.05 26.39 5.11 3.62

compared to the period without the occurrence of a heat wave, so from the examination of these 13 cases (Fig. 6f), it is clear that the
minimum and maximum reduction of the UHIL, respectively it includes —0.06 °C and —7.87 °C (Fig. 6d, e). In studies similar to our
research results around the world, it has been determined that the UHII has decreased during the occurrence of heat waves (Scott et al.,
2018; Chew et al., 2021; Miao et al., 2022).

However, contrasting results are reported as to whether UHI intensity (UHII) is exacerbated or reduced during heat waves. Based on
this, we can refer to the result of a study for the city of Berlin during the years 2015 to 2018. So that, identifying the 10% hottest days or
nights during May - September as hot weather episodes based on daytime conditions or inner-city nighttime conditions exacerbates
nighttime UHII, while identifying them based on nighttime conditions at rural sites reduces it (Fenner et al., 2019).

At the same time, changes in UHII (decrease or increase) are associated with prevalent weather conditions such as radiation, cloud
cover, wind speed, precipitation, and humidity, indicating that future changes in weather due to climate change will impact UHIIs and
heat-stress hazards in cities, in addition to land cover changes (Fenner et al., 2019; Zheng et al., 2023; Lokoshchenko and Alekseeva,
2023; Liao et al., 2023).

Fig. 7b shows the comparison of the frequency of different UHII temperature classes throughout the city of Tehran in times without
heat waves and simultaneously with heat waves. From this figure, it can be seen that for the period without heat waves, the skewness of
the UHII curve tended to be more to the right. In fact, it can be observed that for the period without heat wave occurrence, the area
where the UHI has a higher temperature intensity has covered a larger width of the city. So, the maximum frequency of UHII for the
period without heat wave is 21.3% of the area of Tehran, corresponding to the temperature class of 8 °C. However, at the same time as
the heat wave, this maximum frequency was experienced at 23.9% for the temperature class of 6 °C(Fig. 7b).

In Fig. 6d,e, the spatial pattern of UHII is displayed for periods without heat waves and simultaneously with heat waves. For both
study times, it can be seen that the northern and small nuclear zones in the south of Tehran experienced the minimum UHII and the
maximum intensity was assigned to the central areas of the city. It is worth considering that on average, 0.40% of the area of Tehran
city and 1.9% of the area of the city during the heat wave have experienced a decrease in UHII compared to the suburbs (Fig. 6f).

It can be seen from the map of the difference in UHII for the simultaneous heat wave compared to the period without heat wave that
the UHII did not experience any positive values throughout the area of Tehran (Fig. 6f). In other words, all areas of Tehran city have
had less UHII during the heat wave period. The minimum and maximum rate of reduction of UHII throughout the city has fluctuated
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Fig. 5. Change of air temperature pattern in the period before and simultaneously with the occurrence of selected heat waves.

from —0.6 °C to —2.6 °C (Fig. 6f). At the same time, according to Fig. 6f, it is clear that the lowest rate of decrease in UHII is for the
northern strip of Tehran, with more concentration for the northeastern areas. On the other hand, the south and southeast of Tehran
have experienced the greatest decrease in UHII during the heat wave period in comparison to the period without heat wave occurrence.
It is worth noting that Fig. 7c displays a comparison of the differences in the UHII between periods of heat wave occurrence and periods
without heat wave occurrence for 13 case studies.

5.3. Evaluating the role of local climate zones on the difference in UHII pattern

Our investigations show that the UHII threshold of all the study cases for LCZs without man-made structures (Dense trees, Scattered
trees, Bush, scrub, Low plants, Bare soil or sand, Water) have lower values than it shows to other land users (Fig. 8). These conditions
are observed for both periods without wave and heat wave. In general, for the heat waveless period, Case 12, which corresponds to the
date 2015-08-10, shows the maximum UHII for all LCZs. For this date, the maximum value of UHII with 11.12 °C is assigned to
Compact midrise. The minimum UHII for this date with a value of 5.49 °C is assigned to Bush, scrub. For the same period as the wave
event, case 6, which is equivalent to 2006-07-07 to 2006-07-10, has experienced the maximum UHII in all land uses that are not man-
made (Fig. 8).

According to the overall average UHII of all land uses, it can be seen that in the period without heat waves, the minimum and
maximum UHII values are 0.76 °C and 5.57 °C, respectively, corresponding to Bush, scrub and Compact midrise. For the same period as
the heat wave, the minimum UHII of 0.52 °C was assigned to Bush, scrub, and the maximum value of 4.70 °C belonged to Compact
midrise. For both study periods, after the use of Compact midrise, the maximum UHII is seen for Heavy industry, sparsely built and
Large low-rise. On the other hand, in both study periods, after using Bush scrub, the minimum UHII belongs to Bare soil or sand.
However, there are some differences in the ranking of UHII between different uses two times before and simultaneously with the heat
wave.

As an example, for the period without a heat wave, the Dense Trees user is in third place (from low to high), while this user is in
fourth rank at the same time as the heat wave occurs. Alternatively, for the period before (without) the heat wave, the Open midrise
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Fig. 5. (continued).

and Open low-rise uses are ranked 7 and 8, respectively. Still, at the same time as the Open low-rise heat wave occurred, the seventh
and eighth rank was assigned to Open midrise. In total, in both study periods, a slight difference can be seen regarding the ranking of
different land uses in terms of the UHII. The findings of this part of the research show that in all land uses, the UHII during a heat wave
is lower than during the period without a heat wave (Fig. 9).

Nevertheless, based on the obtained results, it is clear that the highest rate of increase in the UHII for the period without a heat wave
compared to the period of the occurrence of a heat wave is 1.12 °C, 1.05 °C and 1.03 °C respectively, for Water, Open midrise and Low
plants and for Sparsely built uses, Compact midrise and Large low-rise with values of 0.24 °C, 0.33 °C and 0.43 °C have experienced the
lowest increasing rate of UHII (Fig. 9). In many other researches, it has been determined that the difference in the land use of cities
affects the severity of the UHIL.

In all these studies (Mohan et al., 2013; Stache et al., 2022; Rahaman et al., 2022; Rendana et al., 2023), it is clear that vegetation
and water uses have experienced the least UHII in comparison with other man-made uses. On the other hand, the studies that are
focused on the city of Tehran clearly show that there is an inverse relationship between the NDVI index and the UHII (Bokaie et al.,
2016; Tayyebi et al., 2018; Arghavani et al., 2021).
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Fig. 6. The map of average LST spatial changes for (a) period without a heat wave, (b) concurrent with a heat wave event and (c) the LST difference
of the period concurrent with a heat wave event from the period without a heat wave. Spatial change map of UHII for (d) period without a heat
wave, (e) at the same time as the occurrence of a heat wave and (f) the difference of the UHII of the heat wave period from the period without a
heat wave.

5.4. Evaluation of the role of vegetation on the UHII pattern

In this part of the study, NDVI monitoring was done for all study periods. The time interval between the heat wave occurrence
period and the non-heat wave period is very short. Therefore, no difference in NDVI values can be observed. In this work, the average
NDVI was considered for the period from the beginning of the non-heat wave period to the end of the heat wave period. So, this process
was done separately for all 13 case studies.

In all the studied cases, the areas with vegetation cover have experienced the maximum NDVI value and the areas with man-made
use have the minimum NDVI. Since the spatial pattern of these 13 cases is similar, and due to the limited length of the article, only the
average of these 13 study periods was used to prepare the NDVI map (Fig. 10). In this figure, the maximum NDVI values belong to the
area of the north, west and southeast of Tehran. On the other hand, the central areas of the city, which are mostly dedicated to man-
made uses, have experienced the minimum NDVI. In this study, the changes in the UHII behavior pattern for the period non-heat wave
(and simultaneously with the heat wave) were compared with the change in the NDVI behavior.

In this part of the study, it was found that there is an inverse relationship between NDVI and UHII throughout the city of Tehran,
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Fig. 7. Comparison of the area (percentage) of temperature classes for (a) LST and (b) UHII during the without heat wave period and at the same
time as the heat wave. (c) Comparing the difference in UHII between the period of heat wave occurrence from the period without the occurrence of
heat wave for 13 case studies (in Table 3), the time of occurrence of each heat wave event is specified according to the case number).

and this behavior is observed for both periods of non-heat waves and at the same time with heat waves with a very small difference.
According to Fig. 11, it can be clearly seen that the changes in UHII behavior are affected by the changes in NDVI, so with the increase
in NDVI, the values of UHII decreased. The value of R> = 0.17 and R? = 0.18, respectively, for the period non-heat wave and
simultaneously with the heat wave, together with p-value = 0.0000, confirms the significance of these changes at the level of 0.95%. In
summary, it can be acknowledged that in confirming the results of LCZ, the green cover of the urban space is effective in adjusting the
heat budget and reducing the intensity of the heat island.

5.5. Evaluation of the role of heat waves on LST and UHII changes

As part of the research, LST and UHII changes during the nighttime were compared with the air temperature during the nighttime.
Results indicate that in the time before the heat wave, the LST was, on average, 1.51 °C higher than the air temperature at nighttime.
But during the heat wave period, the LST is on average, —0.26 °C lower than the nighttime air temperature (Fig. 12a). The result shows
that during the heat wave occurrence, the difference between LST and AT decreases compared to the period before the heat wave
occurrence due to the stability of the air. In normal climatic conditions without heat waves, the average LST during the nighttime was
higher than the AT during the nighttime. Urban construction materials such as asphalt, concrete and steel are the main reason for that
due to their ability to absorb and store heat (Li et al., 2024). These materials absorb heat during the day and slowly release it during the
night. Therefore, the surface temperature of the earth can remain high at night, while the air temperature can decrease. However
during the heat wave occurrence, the stability of the atmospheric conditions prevents the sharp decrease of the night air temperature. It
causes the air temperature to be higher than the LST at some times.

12
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Fig. 8. UHII according to different LCZs of no-wave period and simultaneously with heat wave occurrence for 13 studied cases.
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Fig. 9. The average UHII according to different LCZs for the period without a heat wave and simultaneously with the occurrence of a heat wave.

Next, the correlation between nighttime AT and UHII was taken. According to Fig. 12b,c, it can be seen that the value of r = 0.60
(significance at the 95% level) for the time of the heat wave occurrence and r = 0.26 for the period before the heat wave. Fig. 12b and ¢
show that the UHII changes have a direct and significant effect from the heat wave event. However, for the times without the heat wave
event, although there is a direct relationship between AT and UHII, these changes do not have a significant level, and it seems local

factors have a more important role in controlling the UHII.
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Fig. 11. Behavioral comparison of the average UHII changes for (a) the period non-heat wave and (b) at the same time as the heat wave event with
the average NDVI changes over the city of Tehran.

6. Discussion

This study was conducted in order to identify the effect of heat waves on the intensity of the urban heat island. The results of this
research showed that the occurrence of a heat wave causes an increase in LST. The LST experienced a significant increase during the
heat wave occurrence compared to the period without heat wave. This increase in LST during a heat wave can have different con-
sequences, especially in terms of increasing energy demand in the cooling sector, increasing water use, or increasing medical emer-
gencies. Undoubtedly, one of the solutions to adapt and reduce the negative effects of this climate disaster is the design and localization
of heat wave warning systems (Kanti et al., 2022; Kiarsi et al., 2023), which requires city managers to integrate urban adaptability and
resilience plan, invest and implement actions against this risk.

In the cities located in semi-arid continental climates, including Tehran, the consequences of global warming are translated into the
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comparison between UHII and AT at the time (b) DNHW and (c) DHW during the nighttime for 13 studied cases.

increase in the occurrence of heat waves. Its direct effects are the increase in death rates or the referral of patients to emergency
medical centers, especially in large populated cities (Wang et al., 2023; Wedler et al., 2023). All these consequences can cause
additional costs for governments. Additional costs would better be invested in the adaptation of cities to climate change so that, in the
long run, the vulnerability of the urban society will be reduced. Furthermore, all citizens can benefit from its benefits.

Despite the conclusion that the occurrence of a heat wave can lead to an increase in LST, it may be assumed that the UHII can also
increase with the occurrence of this weather disaster. The findings of this research showed that during the occurrence of a heat wave,
the UHII decreased compared to the period without a heat wave. In fact, at the time of heat wave occurrence, a warm atmospheric
system covers a wide area in the dimensions of synoptic studies. During this period, the temperature difference between the suburbs
and the urban environment has decreased, and the result is a decrease in thermal UHIL In other words, extra-local (synoptic) factors
can be effective in reducing the contribution of local components (such as land use) in controlling the UHII. As Van Tol and Ellis (2023)
showed, for American cities, increasing the persistence of warm weather types in some places is unlikely to have a direct effect on the
average UHI intensity.

At the same time, the percentage of influence of extra-local (synoptic) factors in reducing the share of local factors depends on
various parameters such as the intensity, duration and duration of the weather disaster (heat wave) and even as it has been determined,
the climate type of the region (Chew et al., 2021) can be influential in the contradiction of the results. Of course, this is not a general
rule, and it may be similar to the findings of some studies (Anjos et al., 2020; Potrolniczak et al., 2017) that extra-local (synoptic)
factors increase the UHII because it seems that atmospheric circulation is significantly responsible for the formation and evolution of
meteorological elements that can impose or eliminate the phenomena (Mihalakakou et al., 2002).

So, for this purpose, it is suggested to pay attention to the effect of heat waves on the change of the UHII pattern in the next studies
with a synoptic approach. The findings of this research showed that UHII is different according to the type of different uses. The study
findings indicate that man-made uses experienced maximum UHII in both periods without and simultaneously with the heat wave. It is
noteworthy that at night, the minimum UHII belongs to the areas with the least vegetation and bare soil or sand. In fact, these areas lose
heat energy faster than other uses and are cooler than other areas due to the fact that they are not assigned to man-made uses and, on
the other hand, due to the small amount of vegetation. Although urban sprawl can increase the temperature of city areas, it seems that
with the change in the use of suburban areas, the temperature difference between these two areas will decrease (Leichenko and Solecki,
2013; Mansouri Daneshvar et al., 2019).
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This can have different effects on changing the microclimatic pattern of different areas of the city. For example, the temperature
difference can affect the pressure difference and, finally, the flow of local winds. However, with the reduction of the temperature
difference between the urban area and the countryside, it is expected that the pattern of local winds will change, and their intensity will
decrease to some extent. Since the wind blowing in urban areas can lead to a decrease in the heat budget and, on the other hand, a
decrease in pollutants, then the decrease in the intensity and frequency of local winds can result in an increase in the city’s heat budget
and an increase in the concentration of urban pollutants and ultimately negative environmental effects.

Future work should focus on the identification of hot spots using high-resolution mapping techniques based on field measurements
and surveys. Perhaps one of the solutions to reduce the city’s heating budget is to focus and invest in urban green space. As the results
of this research showed, it can be seen that areas with denser vegetation have experienced less UHII compared to man-made
environments.

Focusing on the expansion of urban green space is still introduced as one of the valuable solutions to adapt to climate change and its
consequences, such as heat waves, as other studies have also pointed out its importance in reducing the urban heating budget.
Semenzato et al. (2023); Zhou et al. (2023). Since the results extracted in this article are related to the nighttime, there is a possibility
that different results can be extracted for the daytime hours. Future research should focus on studying the results of the influence of
heat waves on the UHII during daytime hours and compare their findings with nighttime hours.

7. Conclusion

UHI has been one of the concerns around the world for more than a century. With the expansion of cities, especially in semi-arid
continental climates, monitoring and evaluation of UHI and, on the other hand, UHII changes have become valuable tools for planning
in urban environments in order to monitor and manage urban growth. This paper explains the UHII and temporal and spatial variations
in response to LST during a heat wave in the metropolis of Tehran in Iran. 13 heat waves were selected and evaluated during the years
2000 to 2020.

The are three major findings identified in this article. First, the average LST was 3.34 °C higher during heat waves. Second, the
research shows that despite the increase in LST during the heat wave occurrence, UHII experienced lower values compared to the time
without the wave. Thirdly, findings indicate that during a heat wave, the temperature difference between AT and LST witness a greater
decrease compared to the period non-heat wave, which can be due to the stability of the air during a heat wave. On the other hand,
during a heat wave, there is a significant and direct relationship between AT and UHII, which did not have a significant level for the
period of the non-heat wave. In other words, it can be concluded that the extra-local factor (atmospheric anomaly) has a significant
effect on UHII during the heat wave event. In contrast, for the non-heat wave, the influence of local factors has a more effective role in
controlling UHIIL.

The study found that high urban intensity in the city center of Tehran is associated with minimum NDVI values. The findings prove
that the expected positive role of urban green vegetation and its influence in reducing heat stress in Tehran was insignificant due to the
low NDVI values. A more diverse land use and the presence of open spaces with high vegetation density would have influenced the
UHIIL.

Therefore, the introduction of green spaces in urban dense agglomerations should be part of any future climate change mitigation
measure and action plan. Also, field surveys and local weather data should be further collected to better characterize the urban thermal
layer in the capital of Iran and accurately define the hot spot using high-resolution spatial and temporal variability maps.
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