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Abstract: This study aims to examine the effect of urban spatial patterns on heat exposure in the city
of Tel Aviv using multiple methodologies, Local Climate Zones (LCZ), meteorological measurements,
and remote sensing. A Local Climate Zone map of Tel Aviv was created using Geographic Information
System (GIS), and satellite images were used to identify the spatial patterns of the urban heat island
(UHI). Climatic variables were measured by fixed meteorological stations and by mobile cross-section.
Surface and wall temperatures were obtained by satellite images and a hand-held infrared camera.
Meteorological measurements at a height of 2 m showed that during midday the city is ~3.6 °C
warmer than the surrounding rural area. The cooling effect of parks was evident only during the
hot hours of the day (9:00-17:00). Land Surface Temperature in the southern part of the city was
hotter by ~7-9 °C compared to the northern part due to lack of urban vegetation. Hot spots were
found in compact midrise forms (LCZ 2) that are not ideal from the climatological perspective.
Whereas compact low-rise forms (LCZ 3) were less heat vulnerable. The results of this study suggest
that climatologists can provide planners and architects with scientific insight into the causes of and
solutions for urban climatic heat exposure.

Keywords: Urban Heat Island (UHI); Local Climatic Zone (LCZ); Land Surface Temperature;
urban geometry; heat stress

1. Introduction

Urban populations are exposed to an increasing frequency and intensity of weather extremes
due to both regional and global climate changes and urban climate alteration, which tend to be
exacerbated during the summer months [1,2]. The urban climate is characterized by an amplification
of air temperature, a lowering of air humidity, and moderation of wind velocity [3,4]. Amplification of
temperature can be observed in different layers, Surface Urban Heat Island (SUHI), and Urban Heat
Island (UHI) related to air temperature of the canopy layer [5].

One of the most important implications of the UHI is the increase in heat stress during the day in
the summer, which aggravates human discomfort [6-8]. Coping with the impact of the UHI on heat
stress as well as on heat storage in buildings and on surfaces, building energy consumption, air quality,
and human wellbeing, and understanding urban heat exposure of different urban morphology and
pattern, motivates policymakers to find solutions for heat mitigation in order to build climate resilient
cities [3,4,9,10].

Land use change caused by urbanization is the primary driving factor of UHI in various cities
around the world [11]. For example, in Berlin, a simulation of longitudinal variations of both
temperature and land surface temperature show good agreement with urban fraction [12]. In Bucharest,
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day and night UHI intensity was higher in industrial zones than in forests and water bodies [13].
A similar finding was found in the Yangtze river area in China, where the average temperature of the
built-up area was higher than the green areas in summer during the day by 3 °C and at night by about
2°C[14].

The climate of urban areas exhibits spatial thermal differences within the urban setting
and between urban and rural environments [15] due to diverse urban morphology, materials,
prevailing meteorological conditions, and pollutant emissions [16]. Hence, the challenge of urban
climatologists is to identify, measure, and understand the local complexities of urban climatic
components and their effect on heat stress variability [17]. The method of Local Climate Zone
(LCZ) [17,18] provides a research framework for urban climate studies and allows intercomparisons
between cities to be made. The LCZ method subdivides the urban area into 17 different units,
10 built-up areas, categorized as LCZ1 to 10 according to building density and building height,
and 7 open spaces, categorized as A to G according to land cover characteristic and vegetation
function cover. These sub-divisions can help classify urban temperature magnitude and intensity in
relation to surface cover, building heights and building surface fraction (BSF), greenery, materials,
and human activity.

The LCZ classification has become a methodological tool for the analysis of UHI and the causes of
UHI intensity [5,19,20]. Thus, the LCZ classification scheme can be used as a basis for heat exposure
analysis in the urban area [21,22]. Currently, the World Urban Database and Access Portal WUDAPT)
is the most widely used method for LCZ mapping of cities around the world. Most LCZ studies have
been carried out in temperate and cold climates [23,24], while only a few studies of LCZ classification
have been implemented in Mediterranean climate cities [24]. A brief review of LCZ studies shows that
most of them employed satellite remote sensing (RS) and mobile measurement and a few studies used
fixed meteorological station [5,23].

In-situ observation by fixed meteorological station or mobile measurements and [RS] observation
are the common methods for UHI studies [25]. Each method has its advantages and disadvantages.
A network of fixed meteorological stations measured consistently all daily hours but cannot accurately
represent the spatial pattern of UHI due to their limited number [26]. Mobile measurements can
measure the micro-environment but are restricted to several hours of the day [26]. RS can demonstrate
UHI pattern but is constrained by low temporal resolution and cannot demonstrate climatic temporal
variation [23,27].

Although the UHI phenomenon in Israeli cities had been previously studied by fixed meteorological
stations, mobile measurements, and RS, e.g., Tel Aviv [28,29], Eilat [30], and Beer Sheva [31-33], the UHI
had not been investigated using the LCZ method in any Israeli cities.

The aims of the study were: (1) to examine the intensity and dynamics of the urban heat island in
selected neighborhoods in Tel Aviv, (2) to determine the factors that can mitigate urban warming using
multiple methods, data integration, meteorological measurements, remote sensing, and GIS analysis,
(3) to suggest which LCZ is efficient for UHI mitigation in hot and humid cities, and (4) to assess the
heat exposure of different LCZs and urban tissues to heat stress.

2. Methods, Tools, and Measurements

2.1. Study Area

The city of Tel Aviv is located at 32°06" N 34°47’ E along the east coast of the Mediterranean Sea.
The city area is 50 km? and spreads 14 km along the seashore with a width of 3 + 6 km and a population
of 451,523 inhabitants. The city of Tel Aviv is the center of the largest metropolitan area in Israel with
a combined population of 3,985,000 [34]. The research area is the municipality of Tel Aviv, which is
considered to be the heart of the metropolitan area.

Tel Aviv has a subtropical Mediterranean climate, Csa according to Koppen classification [35],
and the rainy season is the winter. The city experiences hot and humid weather conditions during the
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summer. The summer is characterized by stable weather conditions, clear skies with minor changes
from day to day. Based on Meteorological long-term data between 1995 and 2009 that were taken
from Tel Aviv airport (Sde Dov meteorological station), located at the northern part of the city, 0.5 km
from the coast line, the daily average maximum temperatures reach up to 30.6 °C and daily average
minimum relative humidity is around 61%. Daily minimum temperatures are around 25.0 °C and
daily average maximum relative humidity is around 83%. The wind regime is influenced by the
Mediterranean Sea breeze, which blows during the day from the west and northwest, whereas during
the night, it is affected by a light land breeze, which blows from the east and southeast [36]. In the
summer, the city suffers from heat stress most of the day hours. Note that these climatic variables
represent the seashore without the thermal effect of the urban built-up area. The city of Tel Aviv
develops an UHI during the summer at both midday and at night [28].

2.2. Methodological Approach

The methodological approach of this study is an investigation from the general (meso-scale) to
the specific (micro-scale) and an integrative one and includes four methods; (1) producing an LCZ
map for the city of Tel Aviv. (2) RS monitoring of Tel Aviv’s UHI (3) meteorological monitoring of heat
vulnerable neighborhoods, and (4) an assessment of human thermal sensation to determine the heat
stress exposure of different urban tissues of Tel Aviv.

2.2.1. Producing LCZ Map of the City

The LCZ map of Tel Aviv was produced using the three-step process suggested by Stewart and
Oke (2012). In the first phase, Google street view images were used to characterize the different Tel
Aviv climate zones in terms of: land uses, urban morphology, and urban geometry. In the second
phase, based on these images, the climate zones were drawn using ARC MAP 10.6 software (ESRI
Inc., Redlands, CA, USA). In the third phase, characteristics of local climate zones were calculated:
Building Surface Fraction (BSF) were drawn using the Tel Aviv municipality’s GIS website [37],
and Height to Width ratio (H/W) and Sky View Factor (SVF), using a Nikon Camera model Coolpix
4300 with fish eye lens FC-E8, were identified for each LCZ. Finally, the map was validated by a field
survey, in which RGB images of the streets were taken using a digital camera.

2.2.2. RS Monitoring of SUHI

In order to identify the spatial pattern of Tel Aviv’s SUHI, Landsat 8 images from the
summer months (June, July, and August) from the previous four years (2016-2019) were used
(https://earthexplorer.usgs.gov/). A dataset of 18 reliable images (cloud coverage less than 3%) of the
city was acquired. Band number 10 was used (10.60-11.19 um), with a spatial resolution of 30 m.
The information for the acquired images including meteorological data (air temperature and wind
speed) were taken from the Tel Aviv Coastal Station (operated by the Israel Meteorological Service)
and can be found in Table 1. Based on this dataset, a mean Land Surface Temperature (LST) map for
the summer months (June-August) was produced.
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Table 1. Information about the acquired Landsat 8 images including meteorological data: air
temperature and wind speed (from the IMS Tel Aviv Coastal Station).

Date Hour (Local Time)  Air Temperature (°C)  Wind Speed (m/s)
10 June 2016 11:10 257 55
26 June 2016 11:10 28.7 4.7
12 July 2016 11:11 28.9 4.5
28 July 2016 11:11 289 4
13 August 2016 11:11 29.1 4
13 June 2017 11:10 26.1 35
29 June 2017 11:10 28.7 4.5
15 July 2017 11:10 29.6 45
31 July 2017 11:11 29.9 4
7 June 2018 11:10 26.9 6.5
16 June 2018 11:10 30.3 2.5
2 July 2018 11:10 28.2 5
18 July 2018 11:10 29.2 6.5
3 June 2019 11:10 25.8 3.9
19 June 2019 11:10 28 3.1
5 July 2019 11:11 27.9 4.1
13 August 2019 11:10 29.9 33
22 August 2019 11:10 30 27

The brightness temperature (BT) was calculated from the thermal images of Landsat 8 (Table 1)
based on Equations (1) and (2). Equation (1) presents the radiometric calibration of the images from
Digital Numbers (DN) to radiance values, while Equation (2) presents the transformation of the
radiance values into BT (in Kelvin) [38], which were converted to Celsius. The calculation was done in
the ENVI image-processing package (ENVI, Boulder, CO, USA).

L)y =M Qe + Ar 1)

where L, = Top Of Atmosphere (TOA) radiance (Watts/(m? * srad *um)); My = Band-specific multiplicative
rescaling factor from the metadata; A, = Band-specific additive rescaling factor from the metadata; Q. =
Quantized and calibrated standard product pixel values (DN).

K

T ) @

where T = At-satellite brightness temperature (K); L, = TOA spectral radiance (Watts/(m? * srad *mm));
Kj = Band-specific thermal conversion constant from the metadata and K, Band-specific thermal
conversion constant from the metadata.

The BT is not necessarily the real Land Surface Temperature (LST) due to the emissivity parameter.
Emissivity is defined as the ratio between the radiation emission of the object relative to the radiation
emission of a “true black body” (emissivity value of 1). Every material in the urban area has its own
emissivity value, determined by its thermal properties. This study focuses on the patterns of the SUHI
and assumes that the BT is close to the real LST because the majority of urban objects and surfaces (e.g.,
asphalt and vegetation) have emissivity values close to 1. This principle was introduced by Sabins [39]
and applied in recent SUHI studies in Tel Aviv [40] and Beer Sheva [33].
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In addition, a Normalized Difference Vegetation Index (NDVI) for the entire city area was
calculated based on Landsat 8 images from June 2019 (pixel size of 30 m). The raw data were converted
into radiance values based on Equation (1) and then transformed into reflectance values based on
an Internal Average Relative Reflectance (IAAR) algorithm. This process was done in the ENVI
image-processing package (ENVI, Boulder, CO, USA). Afterward, the NDVI values were calculated
using Equation (3) using the ENVI image-processing package (ENVI, Boulder, CO, USA).

NDVI = (Ro.87 — Ro.66)/(Ro.87 + Ro.66) 3)

where R is the reflectance values in a certain spectral band (um). Band 5 (0.87 pm) and band 4 (0.66 um)
were used.

2.2.3. Meteorological Monitoring

After identification of the spatial pattern of SUHI, two neighborhoods located in the hottest
area of the city, the “Shapira neighborhood” and “Florentine neighborhood”, were chosen as a case
study for a meteorological field survey (Figure 1). The meteorological field survey was conducted
between 20-21 June, 2019 on the day of the summer solstice, under typical summer condition with
clear skies. Two methods of meteorological monitoring were applied. Two Campbell Sci. automatic
meteorological stations were situated in the “Shapira neighborhood” and two in the “Florentine
neighborhood” (see Figure 1b). Within each neighborhood, one station was located in a N-S orientated
street and the other in an E-W orientated street. An additional station was located in the rural area
of Palmachim 1 km from the seashore. Air temperature and relative humidity were measured at a
height of 2 m, and wind direction and wind velocity at a height of two meters. Readings were taken
every second with the resulting data averaged and stored every 5 min using a Campbell Sci 21X data
logger. Table 2 summarizes the measured meteorological variables, the instruments used for data
collection, and their sensors” accuracy. Two meteorological stations were used as reference stations,
“Tel Aviv Coast station”, operated by the Israeli Meteorological Service, and “Hakfar Hayarok” Station,
operated by the Ministry of the Environmental Protection. Radiation data were taken from the nearest
Israeli Meteorological Service (IMS) station. Wind speed in all stations was measured at height of 2 m
above ground, with exception of Tel Aviv coast station at which it was measured at heights of 10 m.
Therefore, wind speed at this station was converted to 2 m above ground according to Equation (4) [41]:

Vi = V19 X 0.233 + 0.656 X LOG (h -+ 4.75) )

where V is wind speed in a specific height and h is the desired height.
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Figure 1. Study site location: (a) Map of Tel Aviv with the location of the investigated sites (b) Shapira
Neighborhood and Florentine Neighborhood and the location of fixed meteorological stations and the
location of cross-section of mobile measurements [37].
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Table 2. Measured meteorological variables, instruments, and sensors” accuracy.

Variable Unit Instrument Accuracy
Air temperature °C Campbell HMP45C-type +0.2°C
Relative humidity % Campbell HMP45C-type +2%
Wind direction Degree (°) Young 05103 anemographs 3°
Wind speed m/s Young 05103 anemographs +0.3 m/s

The second—mobile traverse measurements were conducted in each of the four selected streets
every couple of hours. Each traverse included 10 points along the street (Figure 1b). Temperature,
relative humidity, and wind speed measurements were taken using a Kestrel 3000 pocket weather
meter. Reading in each point was taken in 1 s interval and were aggregated into 1 min average data.
All measurements were taken in the shade to avoid influences of direct radiation. All measurements
were taken on the east side of north-south streets and on the northern side of west-east streets.

On the whole, the study was based on 7 meteorological stations that represent several urban
tissues of the Tel Aviv and one station of the rural area as follows:

e  The “Shapira neighborhood”, characterized by orthogonal street orientation from north to south
(N-S) and east to west (E-W) with a mix of dense and low-rise buildings (1-3 stories). The land
cover is mostly paved with few or no trees and it has a small urban garden in the center. A pair of
streets was examined; Mesilat Yesharim St. (N-S) and Hizkiyahu St. (E-W) that contains a small
neighborhood garden (5000 m?) with irrigated lawn and mature Ficuse and Tipuana tipu trees in
its eastern section.

e  The “Florentine neighborhood” is characterized by orthogonal street orientation from north to
south and east to west with a mix of dense and midrise buildings (3-9 stories). The streets hardly
contain any trees or vegetation. A pair of streets was examined, Hertzl St. (N-S) and Wolfson St.
(E-W) (Figure 1b).

e  The “HaMishtalah neighborhood”, located in the north-eastern part of the city, is characterized
by mix of open and midrise buildings (3-9 stories) with green open spaces between the
buildings. The meteorological data were taken from the meteorological station “Hakfar Hayrok”,
which operated by the Ministry of Environmental Protection. The station is located at the northern
edge of the neighborhood and exposed to the sun most day hours.

e Tel Aviv seashore. The data for the Tel Aviv seashore was taken from the “Tel Aviv Coast station”,
the official meteorological station of the city that is operated by the Israeli Meteorological
Service (IMS). The station is located 50 m from the seacoast, in LCZ 3800 m west of the
Florentine neighborhood.

e  The area of Palmachim served as a rural reference point. It is an open area of bare soil with bush
and scrub tree cover. It is located at the edge of the metropolis area of Tel Aviv.

2.2.4. RS Monitoring of Local Hot Spots

A thermal image of Landsat 8 from 19 June 2019 was used to identify the hot and cold spots
in the neighborhoods. The image was processed based on Equations (1) and (2) as described in
Section 2.2.2. NDVI of the neighborhoods was calculated using Plant Scope image (pixel size of 3 m)
from 19 June 2019 [42]. The NDVI was calculated on the reflectance image corrected by Planet [28]
using Equation (5).

NDVI = (Rg20 — Re30)/(Rs20 + Rez0) ®)

where R is the reflectance values in a certain spectral band (nm). Band 4 (820 nm) and band 3 (630 nm)
were used.

Thermal images of the street segments were acquired using a Fluke TI 300 pro hand-held IR camera
that enables the observation of high-resolution IR information about the objects [43]. The images
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were taken at midday, in various locations throughout the neighborhood, allowing visualization of
the thermal features of different objects such as: different vegetation types, buildings, walls, roofs,
asphalt roads, pavements, and cars. Since different materials have different emissivity, the emissivity
of certain objects in the images was corrected using SmartView software (Fluke Inc., Everett, WA,
USA). The chosen objects were marked and then an appropriate emissivity estimate value was inserted
manually based on the information presented in Sabins [39].

2.2.5. Thermal Sensation Calculation

Human thermal sensation was assessed using the physiological equivalent temperature (PET)
based on the human energy balance [44], which is the most commonly used thermal index [45].
The PET has been used in numerous studies of urban built-up areas with complex terrain and shading
patterns, where it generated accurate predictions of thermal environments [46,47]. The PET is officially
recognized as a tool for human biometeorological evaluation of climate in urban and regional planning.
The PET was calculated using the RayMan software [47,48]. The RayMan model, developed according
to Guideline 3787 of the German Engineering Society (VDI, 1998), calculates the radiation flux in simple
and complex environments on the basis of various parameters, such as air temperature, air humidity,
wind velocity, degree of cloud cover, time of day and year, and the albedo of the surrounding
surfaces’ elevation and location. According to the model, the calculation of thermal sensation required
adjustment of the following constants: body surface has been standardized to 1.9 m?, which represents
a human with a height of 1.75 m and a bodyweight of 75 kg [49,50]; the rate of metabolic energy
transformation (work metabolism) based on 80 W for a standing person and the insulation factor of
clothing (Icl) has been standardized to 0.9 for an indoor business suit [51].

3. Results

3.1. The LCZ Map of the City of Tel Aviv

The LCZ map of Tel Aviv clearly presents the urban structure of the city. In general, the southern
part of the city, which is the oldest part, is denser, more compact, and contains areas with a high
building fraction such as LCZ 2 (compact midrise) and LCZ 3 (compact low-rise) with few green open
spaces (LCZ A and B). The northern and the northeastern part of the city is more modern and less
dense and contains sparser LCZs, such as LCZ 4 (Open high-rise), LCZ 5 (open midrise), and LCZ 6
(open low-rise), and open LCZs, such as LCZs A, B, C, D, E, F, and G (Figure 2).

3.2. RS Monitoring of SUHI

A mean LST summer map (June-August) for the years 20162019 based on 18 images illustrates
the spatial pattern of Tel Aviv’s SUHI (Figure 3a). The amplitude of the LST varied from 27-41.1 °C.
In general, there are differences between the LST in the northern and the southern part of the city.
The southern part of the city is hotter by ~6-8 °C than the northern part (Figure 3a). It seems that a
daily SUHI has developed mainly in the south part of the city. Note that the temporal resolution does
not necessarily represent the maximum LST temperature since the images were acquired in the late
morning and not in the peak hours (3-4 p.m.) (Table 1). The NDVI map of Tel Aviv, based on Landsat
8 images from June 2019 (Figure 3b), shows higher NDVI values in the northern part compared to the
southern part, which reflects the higher levels of vegetation cover in the northern part of the city (e.g.,
urban gardens and parks, treed streets, and gardens between the buildings). Viewing the two images
(LST and NDVI) illustrate that the hottest part of the city is characterized by lower NDVI values.
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Figure 3. Landsat 8 images: (a) A mean land surface temperature (LST) summer 2016-2019
(June—-August) map and (b) A mean normalized difference vegetation index (NDVI) from June 2019.
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It seems that there is a strong relationship between the spatial pattern of Tel Aviv’s SUHI and
the LCZ map, the compact built LCZs of the city are warmer than the open built LCZs. Therefore,
for further analysis of the heat exposure of the city of Tel Aviv, the study selected two neighborhoods
in the southern part of the city: “Florentine neighborhood” and “Shapira neighborhood” (Figure 3).
Although both neighborhoods are located in the hottest part of the city and are in close proximity to
each other, they have different urban tissue. The “Florentine neighborhood” is classified as LCZ 2,
with compact midrise buildings, 3-5 stories, with a BSF of ~65%, and hardly any trees along the streets.
Two typical streets represent the neighborhood tissue; one, Hertzl St. running from north to south with
an SVF of 0.23, and a H/W of 1.5, and the second, Wolfson St. running from East to West with an SVF
of 0.35 and a H/W of 0.77. The “Shapira neighborhood” is classified as LCZ 3, with compact low-rise
buildings, 1-3 stories, with a BSF of ~45%, and with some tress along the streets. Two typical streets
represent the neighborhood tissue; one, Mesilat Yesharim St., running from north to south, has an SVF
of 0.44 and a H/W of 0.35, and the second, Hizkiyahu St., running from east to west axis, has an SVF of
0.42 and a H/W of 0.51. Along this street, there is a small neighborhood garden covered with lawn and
mature trees, which has an SVF of 0.1.

As a reference for the rural environment, climatic data were collected from two meteorological
stations: the Tel Aviv Coast Station situated on the seafront, 800 m west of the Florentine neighborhood
and the Palmachim Station located on the southern edge of the Tel Aviv metropolis, 1 km from the
seashore and, classified as LCZ C due to the open terrain, low bushes, shrubs, and agricultural. As a
result, the SVF equals to 0.9 (see Table 3).

Table 3. Values of geometric and surface cover properties for local climate zones of Tel Aviv.

LCZ Site Street Photo on Aerial Fish Eye ]S;s]ll;
Orientation Ground Level Photo Photo
H/W
> Florentine East-West 0'230
Neighborhood (Wolfson St.) 62i856 Yo
> Florentine North-South 0~350
Neighborhood (Hertzl St.) 65.40%
0.77
;s Moo o
Neighborhood Yesharim St.) O..35
3 Shapira (IIi:Iﬁtl;yV:liL 0.420
Neighborhood 4 45.79%
St.) 051
Neighborhood 0.1
B Garden - -
(Shapira) 0
0.9
C Palmachim - -
0

3.3. Meteorological Monitoring

Meteorological monitoring by fixed stations was conducted at “Florentine neighborhood”,
“Shapira neighborhood”, “Tel Aviv Coast Station”, and Palmachim rural area to demonstrate the
intensity and dynamic of the Tel Aviv UHI (Figure 1). Figure 4 presents hourly temperatures,
relative humidity, and wind speed for a continuous 24-h period between 20 and 21 June, 2019.
The east-west oriented street (Wolfson St.) in the “Florentine neighborhood” was the hottest during
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the day and night. At midday, the Florentine neighborhood is hotter by ~3.6 °C than the rural area and
Coast Station, and at dawn by 4 °C than the rural area and only 1 °C hotter than the Coast Station.
The “HaMishtalah neighborhood” located at the northeastern of Tel Aviv was cooler by ~1-2 °C than
the southern neighborhoods. In both southern neighborhoods, Shapira and Florentine, during most of
the daytime hours, the east-west oriented streets were hotter than the north-south orientated streets by
~1°C and during the night the differences were slightly lower, while before sunrise these differences
increased by up to 2 °C (Figure 4a).

32
31 | QA
30
29
28
27
26
25
24
23
22

Daytime UHI
36°C

Temperature (°c)

Nighttime UHI
21 4 oc
20

8 10 12 14 16 18 20 22 (1] 2 4 6
TIme (Hour)

40

8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6
Time (Hour) Time (Hour)

Wolfson St. (E-W) ——Hertzl St. (N-S) ——Hizkiyahu St. (E-W) ——Mesilat Yeshrim St. (N-S)
——Tel Aviv Coast Palmachim (rural) ——HaMishtalah neighborhood

Figure 4. Meteorological monitoring in the selected streets of Shapira and Florentine neighborhoods
during 20-21 of June, 2019: (a) Air temperature. (b) Relative humidity. (c¢) Wind speed.

At midday;, the relative humidity values at the rural station were higher by 20-25% than at the city
center and during the night by 35%. The relative humidity values along the north-south street were
higher by ~5% than along the east-west street (Figure 4b).

During the hot hours of the day, when sea breeze reached its peak and blew towards the city,
the wind velocity in the rural area and on the coast was significantly higher than in the built-up areas.
At midday, wind velocity of 5 m/s was observed on the coast whereas, in the city, wind velocity was
less than 2.5 m/s. At the night, the differences between the stations decreased (2 m/s in the open areas
and less than 1 m/s in built-up areas (Figure 4c).

Mobile traverse measurements along each of the selected streets were carried out every two hours.
The results demonstrate that temperatures along each street can vary from one point to another as a
result of the immediate environment (Figure 5). In general, in both neighborhoods, the temperatures at
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the east-west streets were up to 1-2 °C warmer than north-south streets both day and night. In the
north-south street, the temperature differences showed a slight increase from south to north during the
day, indicating that the northern part of the neighborhoods is slightly warmer than the southern part.
In the east-west street, the temperature differences showed a slight increase from east to west during
the day, indicating that the west part of the neighborhood is slightly warmer than the eastern part.
The notable finding in the east-west street cross-section (Hizkiyahu St.) in the Shapira neighborhood
was the cooling effect caused by the neighborhood garden, which reduced temperatures by up to
3.5 °C. This cooling effect was more pronounced during the hot hours of the day while after sunset
this effect vanished (see point 7, Figure 5a). It can be seen that the differences in PET °C values are
more pronounced than those in air temperature °C vales alone (Figure 5a,b). During midday at 12:00,
the PET values in all four streets were above 40 °C PET and defined as “very hot”. The PET values
for the E-W street of Florentine were the highest over 46 °C PET. At the E-W street in the Shapira
neighborhood near the fixed station, PET values were 43.5 °C PET and reduced to 28 °C PET in the
neighborhood garden a cooling effect of 15.5 °C PET. During nighttime the differences in temperature
and in PET were negligible. These findings show that the east-west oriented street is warmer than
the north-south oriented street with the same geometrical features and that the small neighborhood
garden with irrigated lawn and mature trees has a significant heat-reducing effect during the day. Thus,
in urban settings, the impact of vegetation on reducing heat stress in the daytime is more substantial
than variations in urban geometry.
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Figure 5. A comparison of (a) air temperature and (b) physiological equivalent temperature (PET)
values along four street cross-sections in the Shapira and Florentine neighborhoods (Each line represents
the variability of the air temperature and PET at a selected hour according to the measurement points)
at 20 June 12:00 and at 21 June 06:00.

Hourly cross-sections along Hizkiyahu Street demonstrate the dynamic and intensity of the
cooling effect of the Shapira neighborhood garden. The cross-section temperature measurements reveal
that the neighborhood garden in the compact urban tissue can reduce temperature by up to 3.5 °C.
This cooling is very pronounced during the late morning and midday and declines towards sunset,
and is negligible during the nighttime (Figure 6).
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Figure 6. An hourly cross-section at 20-21 June, 2019, according to measuring points in Hizkiyahu
St. (every line displays the temperature at a selected point around the clock). Line 7 (dark green)
represents the neighborhood garden.

3.4. RS Monitoring of Local Hot Spots

Following the RS monitoring of Tel Aviv’s LST and identification of the Tel Aviv summer SUHI on
a meso-scale, this section analyses the local hot spots on a micro-scale. A thermal image of the Shapira
and Florentine neighborhoods was acquired using Landsat 8 and NDVI image using the Plant Scope
image (pixel size of 3 m) from 19.06.2019 [41]. In addition, thermal images of street segments (e.g.,
vegetation types, walls of buildings, roofs, asphalt roads, pavements, and vehicles), were acquired
using a Fluke TI 300 pro hand-held IR Camera (Figure 7a,b).

Neighborhood garden with
Red tiled roof Scattered trees and lawn
- " ]

North-south oriented street

North-south oriented street

East-west oriented street

Open basketball court

LST 19.06.2019
B Shapira buildings

— Shapira streets
1 Florentine buildings
—— Florentine streets ~  Low 32

1 30 a0 600
- —————

oy Hioh :38

Roundabout with broadleaf tree  White non- tiled roof East-west orlented street

Florentine neighborhood Shapira neighborhood

Figure 7. Thermal analysis in the neighborhoods. (a) Florentine neighborhood and (b) Shapira
neighborhood. The base map is a Landsat 8 thermal image from19 June 2019.

In terms of LST, the Florentine neighborhood is hotter by ~2 °C than the Shapira neighborhood
(Figure 7) due to three main reasons: (1) roof colors in Florentine are generally darker than in the Shapira
neighborhood, (2) the streets in Florentine are wider than in the Shapira neighborhood and absorb
more direct radiation, and (3) lack of urban vegetation cover in the Florentine neighborhood, as can be
seen in the NDVI image (Figure 8). The inner LST pattern differs between the two neighborhoods;
the northern part of the Florentine neighborhood is hotter than the southern part due to its higher
building density and height. In the Shapira neighborhood, the western-northern part is hotter than the
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southern-eastern part due to differences in roof colors and lack of urban vegetation as demonstrated
in the NDVI image (Figures 7b and 8b). In the western-northern part, most of the roofs are red-tiled
roofs, while in the southern-eastern section most of the roofs are white non-tiled. Thermal images that
were acquired using a hand-held IR camera revealed that the red-tiled roof temperature reached up to
45.5 °C, while at the same time, white, non-tiled roofs reached only 32.2 °C (Figure 7b).

" QZ[
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Figure 8. NDVI analysis of the neighborhoods based on Planet Scope images from 19 June 2019:
(a) Florentine neighborhood and (b) Shapira neighborhood.

LST in the Shapira neighborhood demonstrated two LST patterns: first—the urban garden (Shapira
garden) was cooler by ~6 °C than the dense built-up area at the western part of the neighborhood.
Second—the LST southwest to the neighborhood was found to be ~2 °C cooler than the built-up area,
due to a small urban forest with broadleaf trees (Figure 7b). Thermal images of the hand-held IR
camera in the neighborhood garden distinguished between shaded grass and non-shaded grass in
terms of LST. The non-shaded grass reached 38.7 °C, while grass under trees reached only 27.5 °C.
The LST of the shaded grass can be identified only by the IR camera since satellite images capture only
the canopy layer of the vegetation (Figure 7b).

Images of the hand-held IR camera revealed that in the Shapira neighborhood the LST of the
E-W orientated street is hotter than the N-S orientated street. The asphalt road in the N-S street was
cooler than the E-W oriented street. An open basketball court in the southern part of the neighborhood
reached a temperature of 52 °C at midday. In the Florentine neighborhood, the images of the hand-held
IR camera found the same temperature differences between the N-S oriented street and the E-W
oriented street at midday. The asphalt in E-W oriented streets in the Florentine neighborhood is
hotter than the asphalt in E-W oriented street in the Shapira neighborhood since the street is wider.
Furthermore, the wall temperatures along the street canyons in the Florentine neighborhood were
hotter than those of Shapira neighborhood (Figure 7a,b).

3.5. Heat Exposure in the City

The final stage of this study was to quantify the heat exposure of Tel Aviv using the thermal
sensation scale of the PET, which was modified to the Mediterranean climate of Tel Aviv [52]. Figure 9
demonstrates numbers of comfort and heat stress hours during the daily cycle from the 20-21 June
2019 in a hot area of Tel Aviv in comparison to the rural area. The rural area Palmachim experiences
9 h of warm conditions, 1 h of slightly warm, and 5 h of slightly cool conditions. At the Tel Aviv Coast
station, the heat hours were similar, 9 h of warm conditions and 1 h of slightly warm conditions. At the
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HaMishtalah neighborhood, there were 4 h of slightly warm conditions and 7 h of hot condition (Note
that the station was exposed to the sun most of the day hours). The most heat vulnerable site in the
city was the E-W oriented street in the Florentine neighborhood, which experiences 21 h of heat stress,
9 h of very hot conditions, 5 h of hot conditions, and 7 h of slightly warm conditions. The E-W oriented
street in the Shapira neighborhood experiences 11 h of heat stress, 9 h of very hot conditions, 1 h of hot
conditions, and 1 h of slightly warm conditions. In Florentine, the N-S oriented street was less heat
vulnerable with 3 h of very hot conditions, 3 h of hot, and 6 h of slightly warm conditions. In Shapira,
there were 5 h of hot conditions, 2 h of warm conditions, and 1 h of slightly warm conditions.

20-21.6.2019
night day night
1 23 [ a5 ]| 6781 o [10[11][12]13]14]15] 1617 18 [ 19 | 20 | 21 [ 22 [ 23 | 24

Palmachim (rural) | | | { | I ] |
Tel Aviv Coast
Hamishtalah Neighborhood
Hezkiyhu St. (E-W)
Mesilat Yeshrim St. (N-S)
Hertzl St. (N-S)
Wolfson St. (E-W)

Thermal 15-19 °c 19-26 °c 26-28 °c 28-34 °c
sensation Slightt
(PET) Slightly cool| Neutral gty Warm
warm

Figure 9. Hourly physiological equivalent temperature (PET) values in and around selected stations in
Tel Aviv on20 June 2019.

4. Discussion

The aim of this study is to examine the intensity and dynamics of the heat exposure in Tel Aviv
using multiple methods (Satellite RS, a network of fixed meteorological stations, mobile traverse
measurements, a hand-held IR camera, and GIS analysis) in order to determine the parameters that
influence urban warming. The integration of methods used in this study has allowed us to refine the
findings of previous studies and quantify current UHI and urban heat exposure more accurately.

Previous studies that investigated Tel Aviv’ UHI were based on a network meteorological of
stations [28] or on Satellite RS [40,53,54]. Only one previous study, which investigated the UHI during
the winter, used multiple methods of airborne RS, a network of fixed meteorological stations and
mobile traverse measurements [29]. None of these studies used the LCZ method as a tool to analyze
the UHI of Tel Aviv.

The main findings of this study are that the southern residential neighborhoods of Tel Aviv are
the most heat vulnerable area of Tel Aviv. This is based on (1) A mean SUHI map based on 18 satellite
images of the summer season that showed that the southern residential neighborhoods of Tel Aviv
are ~6-8 °C hotter than the northern residential neighborhoods (2) A network of fixed meteorological
stations measuring temperatures at street level (2 m above ground), which showed a daily summer
UHI of 3.6 °C and a summer nighttime UHI of 4 °C. These results can be assessed as relabel since the
summer season in Tel Aviv is characterized by stable weather conditions, clear sky with minor changes
from day to day.

In addition, mobile measurements on a micro-scale were used in the hottest neighborhoods.
The results showed that a neighborhood garden reduces air temperature by up to 3.5 °C and reduces
heat stress up to 14 PET °C. Moreover, in the same urban tissue, E-W oriented streets are warmer than
N-S oriented streets.

The notable findings of this study are that the city of Tel Aviv has developed a significant summer
UHI and the southern residential neighborhoods of Tel Aviv are the most heat vulnerable area of
the city. Furthermore, a neighborhood garden reduces air temperature and heat stress. Previous
studies found that the magnitude of UHI was dependent on season and time of the day. The study of
Bitan et al. [28] in Tel Aviv, which was based on a network of roof level stations, found a summer daily
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UHI of 2 °C and a negligible UHI during the nighttime between the seashore and the city center and
related it to the moderating effect of sea. The study of Saaroni et al. [29] focused on the winter season
and found similar results of UHI based on roof level measurements. However, street level winter UHI
was also observed during both day and nighttime and its magnitude were 4 °C and 5.6 °C, respectively.
Satellite RS monitoring in 2015 showed that the LST of Tel Aviv’s northern neighborhood is lower by
10 °C than industrial zones and the main central bus station located in the city center [39].

The UHI intensity in coastal cities may be affected by the land-sea interaction [55-57]. In the
context of Tel Aviv, Bitan et al. [28] and Saaroni et al. [29] argued that the vicinity to the sea and sea
breeze has a moderate effect on Tel Aviv’s daily UHIL. However, their studies were based on roof
level net stations. The study of Balslev et al. [58] found that the effect of the sea breeze on thermal
conditions during the summer at the street level in Tel Aviv is limited. Studies that have investigated
the daily summer UHI in coastal Mediterranean cities point to the moderating effect of the sea breeze
as measured on roof level [24,59,60]. However, the study of Salvati et al. [60] in Barcelona found a
significant UHI intensity of 4.3 °C at street level, which is up to 2 °C higher than roof level UHI during
the hottest hours of the day. A recent study in the coastal Mediterranean city of Bari, Italy, based on
street level stations, found that the sea breeze can mitigate air temperature in coastal stations, but in
stations located in LCZ 2 and 5, the sea breeze effect is weaker [61]. These findings support the results
of our study that Tel Aviv has developed a significant summer UHIL

The significant finding of the present study is that there is an overlap between the spatial
distribution of the SUHI and Local Climatic Zone map of Tel Aviv. Thus, there is a link between the
morphological structure of the built-up area and the dynamic and intensity of the UHI of Tel Aviv.
The compact residential neighborhoods, classified as LCZ 2 and 3, are the most heat vulnerable area.
In the case of Tel Aviv, these neighborhoods (Shapira and Florentine) built in the early 20th century,
are characterized by high-density buildings, as opposed to the more modern residential neighborhoods
in the northern part of the city, which are classified as more open LCZ 5 and 6 and are distinguished by
less dense buildings and more green open spaces [62].

The use of a multi-method for UHI studies can overcome the limitations of each specific method.
For example, the spatial pattern of SUHI can be studied efficiently from satellite RS, however, the passing
time of the satellite is restricted (in the case of Tel Aviv to 11:10 local time) and thus does not necessarily
present the maximum LST temperature. On the other hand, the data collected from fixed meteorological
station is consecutive and allows the identification of the peak and the minimum of the UHI and its
daily dynamics.

The use of multi-method can provide a better understanding of the causes of the UHI For example,
the overlap of thermal image and NDVI maps shows clearly that urban areas that contain vegetation
are less hot than dense urban areas with a lack of vegetation. In the case of Tel Aviv, the higher urban
vegetation cover in the northern part of the city creates a moderating effect of ~8 °C on SUHI intensity.

The use of portable RS and meteorological measurements enables the identification of the impact
of the immediate environment on urban warming on a micro-scale. The use of the hand-held IR-camera
in this study allowed the thermal properties of different urban objects to be examined and their
contribution to urban warming to be quantified. The results demonstrate that different types of land
cover and land uses have a direct influence on the intensity and dynamics of the UHI. For example,
the hand-held IR camera proves that in terms of vegetation cooling effect, broadleaf tree species are
more efficient than lawns. It also demonstrates the thermal effect of different urban objects (e.g.,
roofs, walls of buildings, asphalt roads, vehicles, etc.), which absorb different amounts of direct solar
radiation in correspondence with their thermal properties thus influencing the intensity and dynamics
of the UHLI. For instance, walls of buildings and asphalt roads in E-W oriented streets are hotter than
N-S oriented streets since they are exposed to more hours of sun radiation. Another element that plays
an important role on LST is the material and color of roofs since a tiled red roof can be 13 °C hotter
than a flat white roof.
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Finally, this study suggests that the use of multi-methods and data compilation allow heat
exposure to be identified and quantified for localized urban areas. Data should be collected on three
levels, satellite images on a macro-scale, fixed meteorological stations on a meso-scale, and mobile
measurements and hand-held IR camera on a micro-scale. This integration of methods may lead to a
more detailed image and holistic approach to the climatic analysis of the urban tissue.

5. Conclusions

This study analyzed the urban spatial patterns and heat exposure in the City of Tel Aviv using
multiple methods (Satellite RS, a network of meteorological stations, mobile traverse measurements,
a hand-held IR camera, and GIS analysis). The study showed that a Mediterranean city can develop a
significant day and night UHI during the summer season. In the case of the urban spatial UHI patterns
of Tel Aviv, it seems that the southern residential neighborhoods are the most heat vulnerable area
as compared to other parts of the city during the summer season. Moreover, quantification of heat
vulnerability in terms of a human thermal index can be higher than when expressed in air temperature
values alone.

From mitigation of the urban heat island, the internal structure of the city plays an important role
in determining the UHI spatial distribution. Neighborhood gardens and trees have the most significant
effect on heat mitigation. They can reduce air temperatures by up to 3.5 °C. Street orientation is also
an important element in heat mitigation. Air temperature in N-S orientated streets can be lower
than up to 2 °C in comparison to E-W oriented streets in all types of LCZs. In terms of type of LCZ,
air temperature in LCZ 2 (compact midrise) is warmer by ~1.5 °C than LCZ 3 (compact low-rise) and
by ~2.5 °C than LCZ 5 (open midrise) and LCZ 6 (open low-rise).

The results of this study suggest that climatologists can provide planners and architects with
data and insights for urban planning and rehabilitation in heat-vulnerable neighborhoods. In the
case of the humid and hot climate of Tel Aviv, priority should be given to open LCZ types rather
than compact ones, the urban tissue should contain neighborhood gardens with more shading trees
and fewer lawns. In planning the urban street pattern, E-W oriented streets should be shaded where
possible and prioritized for street greening to lower asphalt and pavement temperatures.
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