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Abstract Global warming has obtained more attention because of increasing global mean surface
temperature since the late 19th century. Urbanization is considered an important contributor to global
warming in big cities. Cairo is one of the heavily populated cities in the world, which has rapid
urbanization that resulted in remarkable temperature variation compared to the rural surrounding
areas. This phenomenon is known as "Urban Heat Islands" (UHIs) that influence both local and
regional climate, environment, and socio-economic development. In this research time series of
satellite images were used to map the spatial variability of Land Surface Temperature (LST) and Heat
Islands in Cairo city. Historical and contemporary record of Landsat images nearly 16 dates from 1990
to 2014 were used to retrieve LST and land cover categories. Results showed that LST was highly
influenced by Land use and land cover changes; heat island effect was dominant in urbanized areas,
bare/desert land and industrial zones (e.g. Shobra El-khema). The industrial zones, in particular, were
possibly high due to the aluminum roof material plus the thermal energy from production activities and
high emissions of air pollutants. The pattern of spatial distribution of heat islands has significantly
changed from bare/desert land and built up areas (as warmer) to cultivated land and water bodies (as
colder). To analyze the relationship between Heat Islands and land-cover changes a quantitative
correlation between LST and Normalized Difference Vegetation Index (NDVI), Modified Normalized
Difference Water Index (MNDWI) and Normalized Difference Build-up Index (NDBI) was employed. It
was found that the correlation between LST and NDVI and MNDWI was negative with r* of 0.8 and
0.57 respectively; however, the correlation with NDBI was strongly positive with r* of 0.81. It is
anticipated that the outcomes of this research will contribute to GEOSS for global integration and
correlation.
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1. Introduction
Global warming phenomenon has obtained more attention due to the recognized increase of the global

mean surface temperature since the late 19th century. Urbanization is considered an important
contributor to global warming in cities. Generally, the rapid population growth and urban expansion, to
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meet such population, with dense urban infrastructure have significantly affected the quality of life of
urban inhabitants and negatively changed the urban environment and climate [1, 2]. This has
introduced the phenomenon of Urban Heat Islands (UHIs) that was first documented by Howard [3].
Since that time it has been studied in many cities around the world. Simply, this phenomenon is
described as the alteration of temperatures in urban areas compared to their rural surroundings [4].
Throughout the last decade, heat islands have been observed and examined in many cities around the
globe such as Lédz, Poland [5], Athens, Greece [6], Beijing, China [7], Hong Kong, China [ 8],
Shanghai, China [9], Glasgow, UK [10], Leipzig, Germany [11], Nagoya city, Japan [12], in some Asian
mega cities including Tokyo, Beijing, Seoul, Shanghai, Pyongyang, Bangkok, Manila and Ho Chi Minh
City [13], the largest cities of Greece (Athens, Thessaloniki, Volos, Patra and Heraklion) [2], in addition
to a total of 263 European cities were studied by [4].

Generally, UHIs in cities depend mainly on the size, population and industrial development of a city,
topography, physical layout, regional climate and meteorological conditions [14]. Therefore, many
factors are influencing the formation of the urban heat islands that includes a) construction materials of
high heat capacity and low solar reflectivity (e.g. asphalt and concrete), b) reduced turbulent heat
transfer and long-wave radiative heat loss due to street canyons geometry, c) reduced latent heat loss
by evaporation due to the replacement of the natural green surfaces with dry surfaces and, d)
increased anthropogenic heat emissions into the urban atmosphere [2].

Traditionally, urban heat islands could be recorded by measuring air temperature through the use of
automobile transects and weather station networks. However, recently with the advancement of the
remote sensing sensors, remote sensing used to measure the surface temperature [15, 16, 17, 18, 19,
20, 21]. Surface temperature is the cumulative effects of surface radiative and thermodynamic
properties including surface moisture, surface emissivity, surface albedo, their radiative input at the
surface, and the effects of the near surface atmosphere, in addition to the turbulent transfer from the
surface [22]. It has strong relation with the changes of the land cover patterns especially changes
associated with the urban expansion [23]. It has found that land surface temperature has direct link
with the biophysical, such as built-up area and height [24], urban and street geometry [25], land use
and land cover [17], vegetation [21], as well as population density and distribution [26, 27, 28] and the
intensity of human activities [29].

The purpose of this study is to analyze the spatial variability of urban heat islands in Cairo as one of
the highest populated cities in the world using time series of Landsat data in the last 24 years. It will
also examine the changes of the pattern of land use and land cover to investigate the impact of such
changes on the intensity and spatial pattern of the UHIs. This will enable to examine and understand
the relationship between urban heat islands and the key bio-physical drivers in the city.

Area of Study

Cairo is the capital of the Arab Republic of Egypt and is one of the largest cities in Africa and the
Middle East [30]. It is considered an important political and cultural focal point in the region.
Geographically, it is located on the Nile River at the southernmost tip of the Nile delta nearly 165 km
south of the Mediterranean Sea and 120 km to the west of the Gulf of Suez and Suez Canal [31, 32].
Figure 1 shows the location map of the study area and the administrative boundary of Cairo city in
alignment with the surrounding governorates. Where the selected study area extends from 29°56'N,
31°10'E to 30°12'N, 31°29'E; including Cairo city, parts of Al-Giza and Al-Qalyubia Governorates,
extends from Al-Obour city and Qalyob district at north to Al-Giza district and New Cairo city at south.
The Nile River is located in the western part of the study area.

Cairo has a hot dry climate with limited rainfall and often high humidity due to the effects of the Nile
River and its valley. The mean air temperature in Cairo ranges from 9°C to 24.8°C in the winter and
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from 20.1°C to 34.7°C in the summer and may surpass more than 40°C in some hot days (analysis of
the WMO — World Meteorological Organization- data from 1971-2000).

Cairo is a densely populated city due to the rapid increase in urbanization and population in the last
few decades [33]. Its population count increased from 5,466,742 people in 1986 to 6,000,716 people in
1996 and 6,758,581 people in 2006 according to CAPMAS (Central Agency for Public Mobilization and
Statistics) census data. In 2006 CAPMAS has estimated the projected population count of Cairo would
be about 9,102,232 people in 2014. This in addition to about 10 million inhabitants just on the margin
of the city and they have a daily interaction with the city.
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Figure 1: Area of Study — Cairo City
2. Materials and Methods
2.1. Satellite Data

In this research Landsat satellite data (i.e. Landsat TM/ ETM+ and Landsat8) was used in the last 24
years (from 1990 to 2014). The data is downloaded from the US Geological Survey (USGS) website
(http://glovis.usgs.gov/) (Path 176 and Row 39). 16 dates were mainly downloaded to cover summer
time (12 dates — July-August) and winter time (4 dates — December-January). Table 1 lists the sensor
type and corresponding captured dates.

Table 1: List of the Landsat Data Used

Sensor Type Acquisition Date Acquisition Hour Season
04 Aug. 1990 07:43:51 Summer
LandSat5 TM 13 Aug. 1999 08:01:29 Summer
07 Jul. 2003 08:00:08 Summer
23 Aug. 2000 08:14:51 Summer

30 Jan. 2001 08:14:21 Winter

19 Dec. 2002 08:12:08 Winter
17 Jul. 2004 08:12:49 Summer
Laéf.\jfw 24 Aug. 2006 08:13:30 Summer
10 Jul. 2007 08:14:04 Summer

03 Dec. 2008 08:13:14 Winter

04 Jan. 2009 08:13:29 Winter
31 Jul. 2009 08:14:06 Summer
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21 Jul. 2011 08:17:22 Summer
24 Aug. 2012 08:19:04 Summer
03 Aug. 2013 08:25:52 Summer
LandSai8 22 Aug. 2014 08:23:56 Summer

2.2. Meteorological Data

Near surface air temperatures, relative humidity and wind speed for the study area were freely
downloaded from Weather Underground website (http://www.wunderground.com/wundermap/).
Weather Underground began as an Internet program to display worldwide weather data, developed by
University of Michigan in 1991 that officially published in 1995. Data were downloaded for the same
date and time of the Landsat data (Table 2).

Figure 2 shows the framework of the methodology adopted in this research. Initially the satellite data
was geometrically corrected to the Universe Transverse Mercator (UTM) grid system (WGS, 1984). It
has also radiometrically corrected based on the darkest pixel theory [34, 35, 36, 37]. Due to the
Landsat sensor has had malfunction since 2003, therefore the data between 2003 and 2012 was
having SLC-OFF problem that required GAP-FILL.

Table 2: List of the Meteorological Data used in this Research

Date Min. Air T(ecr;]perature e, AT TR ) Hllj?r]e;liztil'[\;e% Wl?lgr:/[r)sed
04/08/1990 23 36.4 0.63 19.6
13/08/1999 24 37 0.64 16.8
23/08/2000 21 32 0.55 15.5
30/01/2001 7 23 0.54 8.4
19/12/2002 13 21 0.58 30.8
07/07/2003 25 37 0.60 21.0
17/07/2004 22 32 0.56 16.8
24/08/2006 25 38 0.59 13.8
10/07/2007 23 36 0.61 11.2
03/12/2008 14 27 0.61 16.8
04/01/2009 9 18 0.61 7.1
31/07/2009 24 35 0.65 13.8
21/07/2011 24 37 0.52 14.5
24/08/2012 23 35 0.56 17.5
03/08/2013 24 34 0.59 16.0
22/08/2014 24 36 0.59 14.0

2.3. Image Classification

To correlate the urban heat islands with the existing land cover, supervised classification with
maximum likelihood algorithm was used to accurately classify and map the land cover categories. Four
major classes were identified hamely urban areas, cultivated lands, bare land/desert, and water bodies
(Nile River and canals). Road networks were created using on-screen digitizing from high spatial
resolution satellite image (IKONOS) to explore the correlation between these infrastructures and the
urban heat islands. For further better accuracy, a post classification, technique including adjustments
of the categories, was performed to improve the classification outputs.
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Figure 2: Framework of the Methodology Approach
2.4. Mono Window Algorithm for Retrieving Land Surface Temperature

Thermal Infrared in the electromagnetic spectrum ranges between (10.4-12.5 ym), which is covered
by the thermal channels of the Landsat series, was used to estimate the at-sensor surface brightness
temperature [38, 39, 36, 9, 40].

Figure 2 above shows the framework of the mono-window algorithm to estimate the surface
temperature from the thermal infrared channels in combination with other variables and ancillary data.
Equations (1 and 2) show the conversion of the DNs (Digital Numbers) to irradiance at sensor and
then estimate the brightness temperature from the thermal channels.

(L —Lmin) .
L‘-"‘ = Lml + T r:Qr.'EllEIN - Qcalmlnj Equatlon (1)

n (Qcalmax —Qeal min

Where:

L, = spectral radiance at sensor aperture [W/ (mz. Sr. um)],

Lmina = Spectral at-sensor radiance that is scaled to Qcamin OF it is the minimum detected spectral
radiance [W/ (m?. Sr. um)],

Lumaxa = spectral at-sensor radiance that is scaled to Q.amax OF it is maximum detected spectral radiance
W/ (m?. Sr. um)]

Qcapn = quantized calibrated pixel value, represents the Landsat thermal band digital number (DN)
values,
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Qcamin = the minimum quantized calibrated pixel value corresponding to Lyya,
Qcamax = the maximum quantized calibrated pixel value corresponding to Lyaxa.

Equation (2)

Where:-

Ty, = effective at-sensor brightness temperature (°K),

K; and K, are the calibration constants 1 and 2 (are equivalent to each sensor and obtained from the
sensor specifications; for example for Landsat 5 “K1=607.76" & “K2=1260.56"),

L, = spectral radiance at the sensor's aperture (W/ (m?. Sr. um)),

To obtain a sensibly highly accurate Land Surface Temperature (LST) from at-sensor irradiance it is
essential to implement some corrections from atmospheric absorption and re-emission; surface
emissivity and surface roughness [22]. This includes:

Atmospheric Transmittance

Atmospheric transmittance is an essential input to the mono window algorithm that is estimated from
equation (3). It is actually based on two air temperature profiles (High and Low air temperature) in
which each temperature profile divided into two scales of water vapor content [41, 42]. The two profiles
of High air temperature and Low air temperature were sub-classified into two categories according to
the water vapor (i.e. 04-1.6 and 1.6-3.0 g/cmz), which resulted in two transmittance value for each
profile [43].

1,=1.031412 - 0.11536 * W, Equation (3)
Where T1; = atmospheric transmittance and W, = water vapor content.

Water vapor is the main factor controlling the estimation of atmospheric transmittance, which is
estimated from equation (4) after [41, 42].

Wy = 0.0981 = {10 «0.6108 = exp [%} x RH} 4+0.1697 Equation (4)
- " 8 D_L 1

Where W, = water vapor content (g/cmz);
T, = near-surface air temperature in °K (taken from meteorological data)
RH = relative humidity (taken from meteorological data).

Land Surface Emissivity

Land surface emissivity (LSE) is an essential parameter for estimating the corrected land surface
temperature. It is estimated from the Normalized Difference Vegetation Index (NDVI) as descripted in
[44, 45, 46, 47]. Equation (5) is the basic equation to estimate the NDVI, then it is scaled to three main

categories:

NDVI = 22782 Equation (5)
p&tp3

Where p, and p; are the reflectance of the near-infrared and red bands
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a) NDVI < 0.2: This category considers the pixel as non-vegetated areas (i.e. bare soil or built-up area
or desert) and the emissivity is obtained from reflectivity values in the red region.
b) NDVI > 0.5: This category considers the pixel as fully vegetated, and then a constant value for the
emissivity is assumed to be 0.99.
¢) 0.2 < NDVI < 0.5: This category considers the pixel as mixture of non-vegetated and fully vegetated
areas;

Emissivity is calculated according to the following equation (6):
e=¢F, +g(1-F,) +de Equation (6)

Where ¢, = emissivity of vegetation,
€, = emissivity of non-vegetated surface (in this study it was used as the emissivity of built-up surface),
F, = Fractional vegetation cover that computed from the equation (7):

NDVI-NDVlgp -+

Fv =
(Nnvlmx —NDV Iy

Equation (7)

Where NDVl,.x and NDVI,, are the NDVI values in complete vegetation cover region and no
vegetation cover region which considered as 0.5 and 0.2 respectively.

The term de in equation (6) includes the effect of the geometrical distribution of the natural surfaces
and also the internal reflections. For plain surfaces, this term is negligible, but for heterogeneous and
rough surfaces, as built-up areas, this term can reach a value of 2% [48]. A good approximation for
this term can be estimated from equation (8)

de= (1-¢ey) (1-F,) Fe, Equation (8)

Where F is a shape factor whose mean value is 0.55, considering different geometrical distributions
[49].

Mean Atmospheric Temperature
Mean atmospheric temperature is also a main parameter for estimating surface temperature from the
Mono Window Algorithm. It was retrieved according to different global weather profile regions using
Equation (9).
T.=16.0110 + 0.92621 * T, Equation (9)

Where T, is the mean atmospheric temperature, T, is the near-surface air temperature (°K)
Estimation of Land Surface Temperature
In order to estimate the final Land Surface Temperature in the area of study a spatial model was
developed using the ArcGIS package based on the mono window algorithm. The three following
equations were the main drivers of this model to estimate LST.

T,={a(l—-C—-D)+[b(1-C—-D)+C+C]Tb—DTa}/C Equation (10)

C=c¢gi=1i Equation (11)

D=(1—ti)[1+ (1 —=i) =i] Equation (12)
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a=-67.355351
b = 0.458606

Where T is the LST (°K); (a and b) are constant values; Ty, is the brightness temperature (°K) which
was obtained from equation (2); T; is the atmospheric transmittance, which was computed from
equation (3); € is the land surface emissivity which was either retrieved from equation (6) or got a
constant value; and finally T, represents the effective mean atmospheric temperature, which was
applied using equation (9).

Finally in order to convert LST from degree Kelvin to degree Celsius, the following formula was used:
Ts (°C) =Ts (°K) - 273.15 Equation (13)
Extraction of Heat Island Areas

Heat Island Areas (HIAs) reflect the spatial extent of Urban Heat anomaly. It actually estimated from
land surface temperature by segmenting the urban surface temperatures from LST images. Standard
deviation segmenting method was used to extract both the hot and cold islands by determining a
threshold from the standard deviation of the surface mean temperature [50, 40, 43].

The principle of standard deviation segmenting method is to calculate values of threshold for each
element of statistical series based on arithmetic mean and standard deviation of LST image using
equation (14);

T=zazxzyx*sd Equation (14)

Where (T) represents the temperature threshold value, (a) is the mean value of the surface
temperature for the area of study, x (x = -3, -2.5, -2, -1.5, -1, 0, -0.5, 0.5, 1, 1.5, 2, 2.5, 3) is the times
of standard deviation, while Sd is the standard deviation of LST image. Here thirteen values were
prepared for x and thirteen temperature threshold scales were calculated according to different values
of x ranging from —3 to 3 by the interval of 0.5.

To precisely locate either the urban heat islands or the urban cool islands; the LST is classified into 13
slices (levels), which are then isolated using the mean LST +1 Stdv (to map the urban heat islands)
and the mean LST -1 Stdv (to map the urban cool islands)

Urban Heat Islands Intensity Index (UHI Index)

The UHIs intensity index is a method to determine the spatial distribution of UHIs intensity [51]. In this
research UHIs index was estimated using equation (15). The output is always scaled to 5 categories
from extreme strong heat islands to weak heat islands. This will be illustrated in the result section.

T. = Ti—Ts

. o Equation (15)

Where, T, is the relative LST, T;is LST at one site and T, is the average LST.
Estimation of Normalized Difference Build-up Index (NDBI)

Normalized Difference Build-up Index (NDBI) is one of the widely used indices to precisely isolate the
built-up areas [52]. The development of the index was based on the unique spectral response of built-
up lands that have higher reflectance in MIR wavelength range than in NIR wavelength range [53]. In
this research the NDBI was estimated using equation (16) [8].
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NDBI = ME-NIR Equation (16)

MIR+NIR

Where, MIR and NIR are the middle infrared and the near-infrared bands of Landsat data,
respectively.

Estimation of Modified Normalized Difference Water Index (MNDW!I)
The Modified Normalized Difference Water Index was used to delineate open water features, which
depends mainly on the higher reflectance in the green light wavelength and lower reflectance of MIR

[53]. This index was estimated using equation (17).

MNDWI = % Equation (17)
C+MIR

Where, MIR is a middle infrared band and G is Green band of Landsat data.

3. Results and Discussion

3.1. Land Cover Changes

Key element of studying the heat islands in big cities is to understand the changes of land cover. Table
3 lists the land cover changes in the last 24 years showing significant growth of the urbanized area.
Such changes are analyzed to be correlated against the surface temperature and urban heat islands.
The category of urban areas is merged with the road infrastructures due to they have similar behave in

heat emission.

Table 3: Land Cover Categories and their Changes in the Last 24 Years

Area (km? Changes
Class/ 1990( 20)14 Area ?kmz) %
Urban areas 290.0 436.5 +146.4 16.6
Cultivated lands 196.6 172.6 -24.1 -2.7
Water bodies 15.4 15.0 -0.5 -0.1
Bare land/ Desert 381.5 259.6 -121.9 -13.8
Total 883.6 883.6 0 0

3.2. Land Surface Temperature

The retrieved Land Surface Temperature (LST) from Landsat thermal channels for the summer of
1990 and 2014 shown in Figure (3-A and 3-B). Field observations and site visits aided in correlating
the LST against the land cover categories, which indicated that the industrial estates, residential areas,
development areas and bare land/ desert are places with the highest surface temperature compared
with other categories of vegetation and water bodies. It was observed that northwestern and
southwestern suburbs such (e.g. Qalyob, El-Qanater El-Khairia and Al-Giza districts), except the built-
up areas, showed lower surface temperatures than eastern side with new built-up cities (e.g. Al-Obour,
Al-Shrouk and New Cairo) and city center areas (e.g. Old Egypt, Nasser City, etc.). This could be
explained that the surroundings of the new built-up areas in the eastern side are mostly desert
landscape that accelerates heat advection and convection; however the other sides are fully
surrounded with agriculture that cool down the surface temperature.
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The large population density in old urban areas which increase the human activities and the percent of
waste with heat emissions, play also a role in increasing LST in urban areas as pointed by [54]. For
example (annotated in Figure 3), “Old Egypt district” that shows high LST, its population density is
22352 inhabitant/km?® compared with “El-Zamalek” district that shows lower LST and population of
6450 inhabitant/km? [55].

Road networks in built up areas contribute to the thermal heat advection and showed also high surface
temperature due to the impervious covering material (e.g. asphalt and concrete) [31]. In this context, in
our research study area the road networks coupled with the heavy traffic of up to 4 million
transportation vehicles has shown high anomaly of LST that nearly 10% higher than surroundings
(Figure 4).

Fundamentally, the variation in LST in built-up areas returns to some essential factors: 1) building
material (brick, concrete); 2) street canyons; 3) solar radiation and 4) sun elevation. To recognize this
influence of these parameters, a cross section (A - B) in the NW-SE direction of about 40 Km length in
the summer of 2000 is analyzed (Figure 5). The profile shows oscillation of LST that ranged from lower
values in densely vegetated areas in the north region of Cairo to higher values in densely urbanized
areas in Cairo city center as well as near the desert land in the south (above 50°C in summer). There
is high anomaly in the middle of the curve, which is signposted by the letter (H) returns to the effect of
the factories in area of Al-Ameria (industrial estate); while the observed low area of LST which is
signposted by the letter (C) is due to the effect of green area in “Kids Park” in Nasser City district. This
could explain the high presence of LST with human activities and anthropogenic emissions from
industrial estates at Al-Ameria and Shoubra EI-Kheima.
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Figure 3: The Spatial Distribution of LST in °C (A summer of 1990 and B summer of 2014
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Figure 5: LST Profile for Shubra El-Kheima Industrial area in summer 2013

The trend line of the estimated LST (from 1990 to 2014) shows an increase of the summer
temperature (Figure 6). In 1990 LST was ranged from minimum of 24 °C to a maximum of 49.9 °C;
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however, in 2014 was ranged from minimum of 27 °C to a maximum of 53.3 °C. The slope of the LST
increase in this period is projecting an increase of 2.5 °C by the end of this century, which is nearly
agreeable with the global IPCC of global warming scenario of an increase of temperature from 1-2 °C

per 100 years [56].

Summer mean land surface temperature
{1990 - 2014)

48
46
44 4
42
40
a8
36 |

Mean LST -C

34
32
30 4

——Time trendline

Figure 6: Slope of the LST Variations in the Last 24 Years

3.3. Segmentation of Heat Island Areas

Standard deviation segmenting approach was used to isolate the extreme heat islands in the last 24
years (Figure 7A and 7B). Then, it is correlated with land cover to show the direct link between both
(Figures 7C). It is observed that most of the high surface temperature zones and heat islands in Cairo
were concentrated in densely urbanized and populated areas, industrial zones, transportation
networks and bare/desert land, particularly in the densely urbanized and populated city center and the

eastern parts of Cairo.

The indirect solar heating and the anthropogenic heat that generated in the urban environment
indirectly are the main causes of heat islands. Urban areas generate intense urban canopy heat island
areas due to their physical properties including: urban structure, size of the city (population, density of
built-up area), ratio of building height to distance with them, width of the streets, building materials,

surface materials and sky-view factor.
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Figure 7: Comparison of the Intensity of Urban Heat Islands in 1990 and 2014 in Correlation with the Rural and

Urbanized Areas

3.4. Urban Heat Island Intensity

Urban heat island Intensity is determined as the spatially averaged temperature difference between an
urbanized and surrounding rural area [57, 58, 59]. The intensity of heat island differs from season to
another and modulated by meteorological conditions such as wind speed and cloud cover as well as
anthropogenic heat release. Some random observational points of LST values in both urban and rural
areas in summer and winter seasons of 2009, for example, were extracted to show the intensity of
UHIs in both seasons Figure (8 A&B). In summer the intensity was about 6.6°C while in winter it was
about 1.7°C; surface UHIs in winter are much lower in magnitude and smaller in spatial extent than in
summer which is agreed with [13]. As shown in Table 4 the difference between mean temperatures of
urbanized and surrounding rural areas was 6.6°C, 7.9°C and 10.7°C in summer times of 1990, 2003

and 2013, respectively.
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Figure 8: Variation of Heat Islands Intensity in Urbanized and Rural Areas in Summer and Winter 2009
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Table 4: Estimated Surface Urban Heat Islands Intensity in (°C)

Date Mean Urban LST (°C) Mean Rural LST (°C) U.H :
Intensity (°C)

4 Aug. 1990 39.9 333 6.6

7 Jul. 2003 44.3 36.4 7.9

3 Aug. 2013 48.7 38 10.7

The spatial variability of UHIs over Cairo City was estimated using the UHI Index that showed that
there are five dominant intensity levels (Figure 9):

a) Level 1: less than 0, this level is considered as a very week HI (green islands). This level
occupies the western side of the study area with dominance of vegetation cover (Close to the
Nile Delta agriculture land) and water mass (River Nile).

b) Level 2: between 0 and 0.1, this level is considered as weak HI.

c) Level 3: between 0.1 and 0.2, this level is considered as medium heat island. This level often
occupies the eastern parts of Cairo.

d) Level 4: between 0.2 and 0.4, this level is considered as a strong HI. This level found in the
eastern side and in areas near “Imbaba” airport, and some parts near industrial zones.

e) Level 5: more than 0.4, it is considered as extremely strong HI. This level found in some small
scattered bare land areas and industrial estates.

311248°E 3T190°E 312512°E

30°10'0"N

UHI Intensity Levels
30 Jan. 2001

29°55'0°N
29°55'0"N

[ Cairo City B Green Island
Airo City 1 Weak Heat IsLand

"1 Medium Heat Island
0 10 I Strong Heat Island
— ) Km g Extremely strong heat island
31°12'48"E 31°19'0°E 31°25'12°E

Figure 9: Example of the Spatial Variability of UHII over Cairo districts in winter 2002

Table 5 lists the area coverage and statistical analysis of the seasonal UHIs in the last 24 years. The
maximum LST in 1990 was in the range of 48- 49.14°C that occupied a small area of nearly 0.03 km?®.
However, in 2014 the maximum LST was in the range from 50- 52.2°C that occupied an area of 0.08
km?. This indicates for an increase in the temperature by about 2°C and in the area by about 0.05 km?®.
This table reflects that the maximum area of UHIs was in the summer (August) of 2012 was 65 km?
with a maximum temperature of 55.7°C. Alternatively; the maximum temperature in the summer
(August) was 58.3°C in the summer of 2013 that occupied an area of 36.1 km?.

The magnitude and extent of UHIs were found highly positively correlated to population size of the
cities, indicating the significant impacts of urban growth on the UHI problem. It was also found that the
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spatial variability of UHIs in Cairo city was a function of urban surface properties, which in turn was
characterized by land covers, most importantly, by vegetation cover and built-up density. The
relationship between surface properties and UHIs, confirmed the importance of vegetation and in
some degree, urban density in the partition of sensible and latent heat fluxes in humid environment of
Cairo city.

Table 5: UHIs Intensities and Area Coverage in Cairo City in the Last 24 Years

Date Cairo Citzy Statistics
Season HIA (Km®) Min. Max. Mean  Standard deviation
04 Aug. 1990 47.3 42.1 49.1 44.2 0.66
13 Aug. 1999 47.9 45.6 53.0 48.2 0.64
23 Aug. 2000 47.0 45.7 54.6 49.0 0.72
07 Jul. 2003 58.1 44.2 52.8 47.9 0.84
. 17 Jul. 2004 45.0 39.0 53.3 44.4 1.03
g 24 Aug. 2006 53.5 43.5 56.3 47.3 0.93
§ 10 Jul. 2007 59.0 411 517 453 0.89
31 Jul. 2009 54.2 41.3 54.7 46.6 0.89
21 Jul. 2011 48.3 39.7 53.9 44.3 1.1
24 Aug. 2012 65.0 41.7 55.7 46.6 0.98
03 Aug. 2013 36.1 50.8 58.3 53.4 0.66
22 Aug. 2014 55.6 44.0 52.2 46.6 0.73
30 Jan. 2001 51.2 225 35.9 275 1.2
}T_-} 19 Dec. 2002 63.8 17.8 25.5 21.0 0.7
'é 03 Dec. 2008 66.4 23.9 34.0 27.9 0.96
04 Jan. 2009 39.9 16.4 27.2 20.3 0.85

3.5. Correlation between Land Surface Temperature and Bio-Physical Indices

A correlation analysis between UHIs and set of bio-physical indices including: Normalized Difference
Vegetation Index (NDVI), which indicates green areas; Normalized Difference Build-up Index (NDBI),
which represents the build-up land; and Modified Normalized Difference Water Index (MNDW!I) which
indicates water surfaces and land surface temperature. This correlation was performed in order to
compare the different effects of vegetation, build-up areas and water bodies on surface temperature
variation and heat islands formation. About 100 points were selected randomly form the LST images
and correlated with its corresponding values of NDVI, NDBI, MNDW!I (Figure 10 & Table 6). The
correlation coefficient “r’ ranges between -0.53 and -0.9 for (NDVI), from -0.58 to -0.93 for (MNDWI),
and from 0.55 to 0.93 for (NDBI). These correlation coefficients “r’ were evaluated by Ramadan [60] as
follow: 0.0 (no); 0.3-0.5 (low); 0.5-0.7 (medium); 0.7-0.9 (high); 0.9-1 (very high). So, it is clear that
LST had medium to very high negative correlation with both of NDVI and MNDW!I. This indicated that
the impacts of green land or water bodies on surface temperature is negative and lead to decrease the
probability of occurrence of heat islands. This is good indication that green land can reduce the heat
islands effect and could be used as a method of mitigation or reduction of heat islands. Conversely,
there was a medium to highly significant positive correlation between LST and NDBI which indicates
that the built-up land and impervious surfaces can maximize the heat islands effect and increase the
probability of urban heat islands formation as proved by Liu and Zhang [8]. It was also found that
horizontal expansion of urban has less impact on the presence of UHIs on the fringes of the city and
the newly developed suburbs rather than the vertical expansion with high population density and high
traffic in the city Centre.
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Table 6: Correlation Coefficient (r) between LST and Bio-Physical Indices

Correlation Coefficient (r) between

Date LST and NDVI LSTand NDBI ___LST and MNDWI
04 Aug. 1990 -0.90 0.93 -0.91
13 Aug. 1999 2083 0.90 20.92
23 Aug. 2000 20.86 0.87 20.86
30 Jan. 2001 071 0.72 -0.86
19 Dec. 2002 079 0.75 -0.83
07 Jul. 2003 2085 0.86 2081
17 Jul. 2004 075 0.82 20.82
24 Aug. 2006 2064 0.85 2083
10 Jul. 2007 20.76 0.79 073
03 Dec. 2008 2076 0.67 2083
04 Jan. 2009 20,56 0.55 -0.65
31 Jul. 2009 053 0.81 -0.93
21 Jul, 2011 2064 0.77 073
24 Aug. 2012 2067 0.76 -0.85
03 Aug. 2013 -0.87 0.91 073
22 Aug. 2014 -0.82 0.85 -0.86
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Figure 10: Correlation between UHIs and Bio-Physical Indices

International Journal of Advanced Remote Sensing and GIS

1633



IJARSG- An Open Access Journal (ISSN 2320 — 0243)

4. Conclusion

This study has demonstrated the use of thermal remote sensing from time series of Landsat satellite to
well-understand and map the intensity and variability of UHIs in Cairo and the main drivers in the last
24 years. Most of the previous studies on urban heat islands in Cairo and the surrounding areas have
been either limited to few in-situ observations, or limited to small geographical coverage or limited to
narrow time dimension. This study attempted to fill in the gaps and overcome these shortcomings. It is
attempted to use readily available freely accessed high temporal resolution of Landsat images to
monitor, assess and map urban climates in a mega city “Cairo” and create wide area coverage with
wide time dimension of 24 years.

UHIs patterns and its seasonal variation in both intensity and spatial extent over Cairo demonstrated
that the driving forces of land cover dynamics and socioeconomic showed high correlation with an
enormous increase of LST with dense urbanization, higher population density and industrial activities.
It was found that the extreme UHIs inner the city was in the industrial estates of Al-Ameria due to the
building materials and emission. Indeed, such understanding and findings could help urban planners
and decision-makers to consider such correlation to plan for mitigation and reduction of the LST.

Spatially, there were significant LSTs gradients from the city center and urbanized areas to the
surrounding rural areas. This was observed in the correlation with bio-physical indices. The recently
emerging urbanizing area and the intensive industrial estates inside the city and at the urban fringe
exhibited higher LSTs and remarkable variation in LSTs. Conversely, the surrounding rural areas to
the west and northwest exhibited lower LSTs and relative lower variation in LSTs. Moreover, there
were significant relationships between LST and fractional vegetation cover, population density, and
road density.

It could be concluded that the Landsat data has provided useful free access information for studying
UHIs. Understanding the global climate changes phenomena requires more comprehensive data to
the city level that would enable to project the implications on human being. This has challenged us to
integrate this study in the Global Earth Observation System of Systems (GEOSS) to enable for global
integration, comparison and modelling. Future work is needed to improve uncertainties using in-situ
data from meteorological station networks and air quality monitoring stations to provide more
understanding of the process and mechanism of UHIs associated with LULC and the air quality.
However, further studies in the detailed LST—urban surface relationship addressing the urban
morphology and air quality in big cities such as Cairo is necessary in order to have insights into the
genesis of the surface UHIs and its linkage with the air quality and urban health environment.
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