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Highlights

Spatio-temporal analysis of LST was executed for the years from 2000 to 2019 for Amman, Jordan.

The relationship of LST with vegetation indicators (NDVI and EVI) is diurnal dependent.
Identified UHI intensity of range 2.4 °C to 2.87 °C (1.00-1.95 °C) for daytime (nighttime).

Vegetation lands dropped daytime and nighttime LST.

Average temperature was positively correlated with UHI intensity.

The average wind speed was significantly adversely correlated with UHI intensity.

Abstract. An urban heat island phenomenon has increased in the last decades due to rapid urbanization, resulting in a
significant impact on local climate. In this study, remote sensing data was used to analyze Spatiotemporal patterns of Ur-
ban Heat Island Intensity (UHII) over a 20 years period in a semi-arid climate area. The relationship between the Land
Surface Temperature (LST), vegetation and Land Cover Types (LCTs) were examined. The relation between the UHII and
its driving factors (different LCTs and meteorological conditions) was analyzed. Analysis of 8-day daytime and nighttime
LST data acquired from MODerate-resolution Imaging Spectroradiometer (MODIS) shows that Amman has a significant
UHII in both daytime and night time. The results show a negative correlation between the LST and vegetation indicators
and between the UHII and the wind speed average, indicating a positive correlation between the UHII and temperature.
Vegetation has been proven to significantly reduce LST, mainly in the daytime, due to its cooling effect that results from
the transpiration process and shadow effect.

Keywords: Urban Heat Island, Land Cover Type, land surface temperature, vegetation indexes, spatio-temporal pattern,

MODIS.

Introduction

The world has experienced a high rate of urbanization in
the last decades; the urban area has extended by 1.6 times
between 2001 and 2018, while Africa and Asia have shown
the highest growth rates (Huang et al., 2021). As a result,
metropolis areas and their residents have become one of
the fundamental drivers of environmental change because
of a substantial accumulation of human-created impervi-
ous areas (Ejiagha et al., 2020). Moreover, the expansion
rate is expected to increase due to better socioeconomic
opportunities in the coming years. Therefore, in order to
provide enough accommodation to cover this high rate of

expansion, natural surfaces (wetlands, water bodies, agri-
cultural land, forested land) are being altered to impervi-
ous/built-up areas (Zhao et al., 2020). This alteration in
the composition and configuration of land uses led to a
wide range of environmental effects such as food security,
climate change, and biodiversity loss (Ejiagha et al., 2022;
Yohannes et al., 2021; Faridatul et al., 2022). Even though
these effects can differ according to the scale of the in-
vestigation, they are considerably detectable within local
environments (Grimm et al., 2008).

The accelerated urbanization has significantly car-
ried a change in energy balance, natural cycling, water
sources distribution, natural drainage networks, natural
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topography, temperature, precipitation, biodiversity and
associated environmental problems that have affected the
quality of life (Cheng et al., 2008; Chen et al., 2017; Assaf,
2019). Urban Heat Island (UHI), which was first described
in 1818, is a terminology to describe the difference in tem-
perature between the urbanized area, which is hotter and
the surrounding non-urbanized area (Oke & Hannell,
1970). This phenomenon can be related to the artificial
surface’s lower albedo or surface reflectivity compared to
the adjacent natural surface (Ejiagha et al., 2020).

Dark artificial surface has a high capacity to absorb in-
coming solar radiation and reflect again to the surround-
ings, consequently increasing air temperature. UHI has an
impact similar to global warming despite the difference in
causes and spatial extension. UHI, like global warming,
can raise energy consumption, directly and indirectly af-
fecting human livability and ecosystem services (Abdullah
et al., 2022; U.S. Environmental Protection Agency, 2008).
Therefore, treating the UHI issue can be considered cli-
mate change adaptation and mitigation solutions to reach
sustainable development goals (United Nations & Depart-
ment of Economic and Social Affairs, 2015). Also, UHI is
associated with urban water, air pollution, human health
and energy management (U.S. Environmental Protection
Agency, 2008). So monitoring the urban island of cities is
a significant issue that is addressed to study its environ-
mental change and climate variability, especially in Jor-
dan. Jordan is a developing country with limited natural
resources, particularly water and energy, a high popula-
tion growth rate and a massive influx of refugees (Abdelal
et al.,, 2022; Hussein et al., 2022). These factors give urban
expansion and their influences, like Urban Heat Island
(UHI), significant importance.

UHI can be measured through the air temperature or
land surface temperature (LST) (United Nations & Depart-
ment of Economic and Social Affairs, 2015). The air temper-
ature data is acquired from an automatic and conventional
weather station with a high temporal resolution and a low
spatial resolution (Oke, 1976). However, the LST can be eas-
ily obtained through thermal infrared (TIR) remote sensing
data with the advantage of high spatial distribution and low
temporal resolution (Imhoff et al,, 2010).

Remote sensing technology has shown an ability to
characterize urban environment materials and retrieve
land surface features (Hussein et al., 2021; Hussein & As-
saf, 2020). Thus, remote sensing data has the ability to en-
hance the realization of the UHI phenomenon and its ef-
fects. Moreover, various investigations have addressed the
UHI utilizing LST retrievals (Rhinane et al., 2012; Sobrino
et al., 2012; Botje et al., 2022; Dewan et al., 2021a).

Although UHT’s significant impacts on the environ-
ment, human well-being, and policymakers™ decisions,
there is a lack of studying the UHI in Jordan. Several re-
searches were carried out to study the urban expansion in
some cities in Jordan. Remote sensing and geographic in-
formation systems techniques (GIS) have been integrated
to show urban expansion and evaluate its environmental
and socioeconomic impacts (Rawashdeh & Saleh, 2006;

Saleh & Al Rawashdeh, 2007). Also, some studies have
estimated and analyzed the urban growth and sprawl in
Jordan (Oroud & Al-Rousan, 2004; Ghurah et al., 2018;
Alnsour, 2016). All of these studies did not address the
UHI issues in their investigation.

Recently, the urbanization process’s effects on food
supply and irrigation demands were studied in Jordan.
Indeed, Simulation models were used to analyze various
spatial-temporal scenarios of urbanization on cropland
demand and irrigation water requirements by taking into
consideration the changes in socio-economy and climate
(Koch et al., 2018).

In contrast, UHI topics have a broad interest in a glob-
al range; Several studies have been done in a different va-
riety of cities, such as tropical cities (Estoque et al., 2017),
coastal cities (Sakakibara & Owa, 2005), and desert cities
(Bokaie et al., 2016).

Understanding the driving factors of UHI is a crucial
issue to mitigate its effect and provide the decision-makers
and urban planners with the vital information to distrib-
ute the land cove types appropriately to help dissipate
the heat. The most significant UHI driving factors were
found to be land cover types, anthropogenic heat sources,
the size of the urban area and meteorological conditions
(Peng et al., 2012; Coseo & Larsen, 2014; Debbage &
Shepherd, 2015; Guo et al., 2015; Tan & Li, 2015). Those
factors have been studied widely (Nichol, 2005; Grimm
et al., 2008; Lemonsu et al., 2015). However, most former
studies focused on individual variable examination (Du
et al., 2016). Also, they focus on daytime analysis, which
leads to significant gaps in addressing the diurnal varia-
tion (Zhou et al., 2019). Therefore, more research analysis
is needed to identify the UHI driving factors considering
the diurnal variation.

The study primarily investigates spatial-temporal vari-
ations in LST during daytime and nighttime in Amman,
Jordan. Moreover, the relationship between UHI intensity
and influencing factors (different LCTs and meteorological
conditions) is examined.

1. Materials and methods

1.1. Study area

Amman is the capital and the largest city of Jordan. Am-
man is located in the west-central part of the country (Fig-
ure 1), within latitudes 31°57’" N and longitudes 35°56' E.
Amman is the most populous metropolitan city in Jor-
dan, with a dramatic population increase from 2,353,300
in 2004 to 4,430,700 in 2019 (Department of Statistics,
2019). It encompasses a total area of around 1,680 km?. Tt
is characteristic of diverse topography where its elevation
ranges between 700 m to 1100 m. Amman has a semi-arid
climate, classified under BSh (Arid Steppe Hot) according
to Koppen climate classification (Carver et al., 2002). The
study area faces four seasons in a year:
- Summer season from June to August (hot during day
time with a mean maximum temperature of around
32°C).
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Figure 1. Map of the study area, Amman, Jordan

- Autumn season from September to October (with
broad vacillations in mean air temperature due to
atmospheric conditions).

- Winter season from November to February (cold
nights with the average minimum temperature reach-
ing 5 °C).

- Spring season from March to May (with moderate air
temperature during days and nights).

The mean relative humidity is around 43% in the sum-
mer season and elevates up to 71% in the winter season.
The rainy season extends from October to March, while
the summer season is arid. The average annual precipita-
tion over the study area is about 245 mm.

1.2. Data

Practical investigation of spatial-temporal urban heating
needs a sizeable geospatial database over several years.
This study uses MODerate-resolution Imaging Spectrora-
diometer (MODIS) global LST 8-day composite at a 1-km
resolution (MYD11A2 products, version 6) from 2001 to
2019 for both nighttime and daytime. MODIS LST data
validation with in situ measurements provided an absolute
deviation of less than 1 °C (Wan, 2008; Pablos et al., 2016).
MODIS global LST product is one of the most broadly
utilized LST remote sensing datasets for UHI investiga-
tions (Imhoff et al., 2010). Summer is considered an exem-
plary period for the thermal environment and urban ex-
pansion evaluations (Peng et al., 2016; Brazel et al., 2007;
Brazel et al.,, 2000). Therefore, for this study, the analysis
is conducted for the summer season (June to August) as
Amman has hot, dry and clear weather conditions. The
MODIS LST products have a quality flag in the form of
a (SDS) layer that provides information on each pixels
quality control (QC). Hence, QC information was used
to select only high-quality LST pixels (QC flag value of 0)

for the analysis. Twelve MODIS LST images are available
during each summer for the chosen time frame. Hence,
228 daytime and nighttime LST images were obtained for
the 19 years from 2001 to 2019.

Modis Global Land Cover Type (LCT) data
(MCD12Q1, products, version 6) with a spatial resolution
of 500 m was used to extract yearly land cover data of the
study area. The MCD12Q1 classifies the land cover prop-
erties using the International Geosphere Biosphere Pro-
gramme (IGBP) scheme, including 17 classes. Normalized
difference vegetation index (NDVI) and enhanced vegeta-
tion index (EVI) obtained from MOD13A3 data (monthly
composite), with 1000 m spatial resolution, were used to
distinguish green belts from 2001 to 2019. In addition,
pixels with high-grade quality flags data were selected. To
diminish the elevation influences on the UHII, the Global
Digital Elevation Model (GDEM) data derived from the
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) was used to obtain the elevation of
the study area pixels. Table 1 presents the remote sensing
data used for the research.

Table 1. Remote sensing data used in this research

Data Source Sensor Tempo‘ral Spa’Flal reso-
resolution | lution (m)

MODIS

LST (MODI11A2) MODIS |8 day 1000
MODIS

LCT (MCD12Q1) MODIS | Yearly 500
MODIS

NDVI (MODI13A1) MODIS | Monthly 1000
MODIS

EVI (MODI13A1) MODIS | Monthly 1000

GDEM | ASTGTM ASTER |- 30




Journal of Environmental Engineering and Landscape Management, 2023, 31(1): 52-66 55

1.3. Method

Preparing the study data set for analysis included pre-pro-
cessing of remote sensing data. The pre-processing stage
includes re-projected and reformatting MODIS data. The
MCD12Q1 and GDEM data were resampled to 1000 m to
preserve consistency with LST data spatial resolution. The
pre-processing of remote sensing data has been performed
using ArcMap 10.6 software.

Defining urban and rural areas boundaries was per-
formed based on several steps. Firstly, the urban area
boundary has been acquired by extracting land area from
MCD12Q1 data of 2010 based on IGBP classification. Sec-
ondly, to identify the rural area, a buffer polygon, away
from the urban boundary, has been created. The distance
of the buffer has been selected to ensure that the size of the
rural area is roughly the same as the urban area. The rural
buffer was 10 km away from the existing urban boundary.
Finally, to reach an accurate and fair comparison between
urban and the surrounding rural areas, the area classified as
water bodies or its elevation falls without the range of the
urban area’s mean elevation of the urban area £50 m are
excluded from the rural area (Zhou et al,, 2016; Yao et al,,
2018a, 2018b).

The study area pixels are extracted from the MODIS
LST images for both daytime and nighttime. Then pixel val-
ues are converted to LST in Kelven by multiplying it with
the scale factor; then, it was converted to Celsius. The mean
LST images of the study area are then computed by averag-
ing twelve summer LST images for every year, resulting in
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Figure 2. LULC map of Amman of 2001 and 2019

19 daytime and 19 nighttime images. The LST values for
both urban and rural areas were extracted for each year
from 2001 to 2019. Then the UHI intensity (UHII) was cal-
culated for each year as the difference in mean LST between
urban and rural areas. The UHII can be determined using
Equation (1) (Oke & East, 1971; Oke, 1973).

T,

rural average- (1

UHI intensity (°C) = T,

rban average ~

NDVTI and EVI have been used to extract vegetation
greenness information over the study area. NDVI and EVI
for the study area pixels are extracted from MOD13A1 data,
and pixel values are converted to NDVI and EVI by multi-
plying them with the scale factor. Overall, we considered 57
images for each NDVI and EVI (three images during each
summer from 2001-2019). The mean NDVI and EVI im-
ages are then calculated by averaging the three summer im-
ages yearly, resulting in 19 NDVI and 19 EVI mean images.

2. Results and discussions

2.1. LCT pattern of Amman city

The spatial distribution of LCT within the study area in
2001 and 2019 is presented in Figure 2. The bare soil is
represented the predominant type in the study area, where
it covers approximately half of area’s landscape. Urban
areas are concentrated in the northwest of the city; it is
noted that there are few green spaces or any other cover
types within the urban areas. In general, there are neither
water bodies nor wetland areas within Amman city. The
vegetation lands are located around the urban areas, espe-
cially in the north and southeast, while the croplands and
grasslands are scattered in a random manner representing
various pieces in the study area. In 2019, there appears to
be an increase in vegetation lands over bare soil in the
central regions. However, there is also an increase in crop-
land/gross lands over the vegetation lands in the west and
southwest. Besides, there appears to be a slight increase in
urban areas. The spatial extent of built-up cover over the
study area does not change that much; however, the urban
expansion in Amman took a vertical pattern more than a
horizontal one, and the urban intensity was dramatically
increased. In the last twenty years, almost all of the open
areas and pervious lands inside the city have been turned
into buildings.

2.2. LST distribution during day and night times

The LST distributions over Amman city are described
in Figures 3 and 4 for the day and the night times, re-
spectively. For the daytime, the LST is ranged between
37-51 °C, while during nighttime, the range is decreased
to 18-29 °C.

2.2.1. Daytime

The LST over the urban in 2001 is ranging between 40.0-
47.0 °C. In 2006, 2011, and 2015, the LST ranges over the
urban area were decreased to 37.9-45.1 °C, 38.2-45.3 °C,
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Figure 3. Daytime Land Surface Temperature (LST) distributions for Amman city:
a) 2011, b) 2006, ¢) 2011, d) 2015, and e) 2019
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and 37.7-44.8 °C, respectively. During the year 2019, the
urban area’s LST range increased to 38.2-46.4 °C. The
LST over the bare soil ranges between 46.9-51.1 °C, 46.5-
49.7 °C, and 46.2-49.4 °C in 2001, 2006, and 2011, respec-
tively. In 2015 and 2019, the LST ranges for bare soil are
noticed as 45.2-47.7 °C and 45.4-49.4 °C, respectively. The
LST over the open shrubland, croplands, and grasslands
areas is in the range of 41.5-49.1 °C and 41.1-48.7 °C for
2000 and 2004, respectively. For the years 2008, 2013, and
2017 those areas are found to possess LST in the range
38.9-47.0 °C, 38.1-46.7 °C, and 39.4-47.2 °C, respectively.

2.2.2. Nighttime

The urban area over the city region has the LST ranges of
20.1-28.1 °C, 20.0-28.4 °C, and 19.9-27.8 °C, for the years
2001, 2006, and 2011, respectively. In the years 2015 and
2019, the LST ranges are found to be slightly decreased to
19.4-27.1 °C and 19.3-27.3 °C for the urban area. The tem-
perature ranges for bare soil areas during the years 2001,
2006, and 2011 are 24.2-29.0 °C, 23.9-28.5 °C, and 24.1-
28.2 °C, respectively. In 2015 and 2019, the temperature
ranges over the bare soil are 23.1-28.7 °C and 22.7-29.0 °C,
respectively. The LST over the open shrubland, croplands,
and grasslands areas during 2001, 2006, 2011, 2015, and
2019 are observed in the wide range of 18.0-29.0 °C; where
southwest of Amman that close to Jordan valley has a hot
spot area with a ring between 27.0-29.0 °C, whereas the
other areas have a ring of 18.0-23.0 °C.

2.3. Mean LST trend for different times

The temporal mean LST variations in urban and rural
areas are shown in Figure 5. In both cases, the Average

LST in the urban area is higher than in the rural area.
For urban and rural areas, the average LST shows a rising
trend over the study period. UHII during the nighttime
was more strong comparing with the daytime.

Average LSTs during daytime and nighttime vary from
43.51-45.71 °C and 20.46-23.25 °C, respectively, for ur-
ban areas. Likewise, for rural areas, average LSTs during
daytime and nighttime range from 41.10-43.17 °C and
18.76-21.75 °C, respectively. Average LSTs during daytime
and nighttime are 44.81 °C and 21.96 °C, respectively, for
urban areas and 42.13 °C and 20.49 °C, respectively, for
rural areas. So it’s clear that daytime has observed a con-
siderable variation between urban and rural LSTs than
nighttime.

2.4. UHI intensity pattern

Figure 6 gives the average UHI intensity (variation in
mean LST between the urban and rural areas) during each
year of the study period. The positive value of the UHI in-
tensity difference indicates a clear existence of UHII dur-
ing daytime and nighttime as the LST spatial decreased
from urban to rural areas. Therefore, the urban area ex-
perienced a higher temperature than the surrounding
rural area. The average intensity during daytime ranges
from 2.41 °C to 2.87 °C, with an average UHI intensity
of 2.67 °C. The average intensity during nighttime ranges
from 1.00 °C to 1.95 °C, with an average UHI intensity of
1.47 °C. UHII has been found tougher during the daytime
than nighttime. The average UHI intensity of the investi-
gated studied area for the whole time (day and night) has
been found to be 2.07 °C.
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Figure 5. Bar charts showing the temporal variation of average LST in urban and rural areas: a) daytime and b) nighttime
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Figure 6. Average UHI intensity (°C) during daytime and nighttime

2.5. Vegtation indices pattern

Vegetation spatial and temporal patterns have been ana-
lyzed using NDVTI and EVT indicators over the study area
shown in Figures 7 and 8, respectively. The low value of
vegetation indicators (NDVI and EVI) indicates poorly
vegetated intensity over the study area, while vegetated
areas have a high value. Considering the color legend of
Figures 7 and 8, the intensity vegetation area appears blue
while the poor vegetation area looks brown. The urban
area has slight blue spots, the center shows much dark
brown and with the direction to the outskirts, the color
becomes light brown. The rural area shows different inten-

and EVT are shown in Tables 2 and 3, respectively.

Table 2. Statistics of NDVT over the study area

NDVI Min Max Mean 33?;?2‘31
2001 0.069 0.394 0.161 0.0354
2006 0.072 0.414 0.166 0.0386
2011 0.074 0.387 0.167 0.0372
2015 0.080 0.428 0.193 0.0408
2019 0.071 0.432 0.183 0.0477

Table 3. Statistics of EVI ove

r the study area

. . . . . Standard
sity blue spots and anher NDVI .values, comparing v.wth EVI Min Max Mean | 4 ion
the urban area. This can be attributed to urbanization,
which reduces the scope for green cover growth. Figure 8 2001 0.057 0.313 0.128 0.0217
shows a similar tendency in EVI spatial distribution. EVI 2006 0.058 0.327 0.141 0.0260
values are ordinarily lesser than the NDVT values as a re- 2011 0.059 0.322 0.142 0.0251
sult of reform in EVI computations. The statistical param- 2015 0.057 0.333 0.142 0.0260
eters (min, max, mean and standard deviation) of NDVI 2019 0.058 0340 0.141 0.0315
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Figure 7. Spatial distributions of NDVI for Amman city: a) 2001, b) 2006, c) 2011, d) 2015, and e) 2019
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Figure 8. Spatial distributions of EVI for Amman city: a) 2001, b) 2006, c) 2011, d) 2015, and e) 2019

2.6. Relationship between LST and vegetation
indicators (VIs)

To recognize the interrelationship between the surface
temperature and vegetation cover, the LST, NDVI and EVI
were plotted against each other. Stratified random sam-
pling method was used to select the sample points using
the LCTs as strata. In total, 150 samples point were chosen

50
48 UW
46 o O’ R? = 0.7548

Mean LST (°C)
5 &
[
»
C ]
..
o .
e
o )

40
38
36
0 0.1 0.2 0.3
NDVI
a) Daytime 2001
48
A
el Qo
46 .‘“ )
"ﬁ. R*=0.688
;G 44 ' ‘ )
N .. .' '.
; P [ N ]
3w » 2
§ "'.‘0. °
s 40 [ J o o090
“ ° s .' .~
38 o o ® .
36
0 0.1 0.2 0.3
NDVI
c) Daytime 2019

and the corresponding LST, NDVT and EVI values were
taken for daytime and nighttime of each year. The strati-
fied random sampling helps analyze the correspondence
relationship coefficient according to various categories.

Figure 9 shows the relationship between mean LST
and VIs for daytime and nighttime of 2001 and 2019. The
trend lines in these figures indicate an inverse correlation
between LST and VIs.
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Figure 9. To be continued
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Figure 9. Mean LST and VI relationship for daytime and nighttime od 2011 and 2019

Figure 10 shows the R? value of LST-NDVI relation-
ship for the daytime over the study period (2001-2019),
the range varies from 0.70 to 0.81 with an average value of
0.75. The R? value for nighttime varies from 0.19 to 0.31,
with an average value of 0.26. This clearly indicates that
the relationship of NDVTI with LST fits better for daytime
than nighttime.

Figure 11 shows the R? value of LST-EVI relationship
for the daytime over the study period (2001-2019). The
range varies from 0.71 to 0.82, with an average value of
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0.78. The R? value for nighttime varies from 0.23 to 0.37,
with an average value of 0.31.

2.7. Land cover types and LST

Table 4 shows the LSTs distribution in different LCTs
classes. The study period was divided into three periods;
2001-2006, 2007-2013, 2014-2019, where the average
of LSTs was taken for each period. The LSTs of different
LCTs are considerably diversified as a result of variations

'»'»'\/ '\/'\r'\/'\r

@&@&@&@@@@&«
NG

Year &
OQ

Figure 10. Coefficient of correlation for mean LST and NDVI relationship



Journal of Environmental Engineering and Landscape Management, 2023, 31(1): 52-66 61
0.9
& 08
S 0.7
5
L 0.6
g
S 05
o
G 04
E 0.3
o
£ 0.2
8
0
LT FSL PP
R R I R g
G
Year Q}\
K
B Daytime M Nighttime o
Figure 11. Coefficient of correlation for mean LST and EVI relationship
Table 4. LCTs classes with their LST for periods 2001-2006, 2007-2013 and 2014-2019
2001-2006 2007-2013 2014-2019
LULC Class
Daytime Nighttime Daytime Nighttime Daytime Nighttime
Bare Soil 43.62 22.83 43.47 22.24 43.34 23.12
Urban Land 44.92 25.67 45.23 26.3 45.81 26.92
Open Shrub land 42.18 22.11 42.66 22.57 42.83 22.89
Cropland 43.61 21.81 43.47 21.37 44.18 22.31
Gross lands 4293 22.43 42.96 22.14 43.12 22.84

in artificial heat sources and the differences in properties of
surface materials’ thermal-biological (Su et al., 2010). The
urban area has the highest temperature in both daytime and
nighttime. While the lowest average temperature is in the
green area (open shrubland and gross lands), this indicates
the cooling role of vegetation and its impact on decreasing
the land temperatures. A fluctuation in the LSTs distribu-
tion can be observed in almost all LCTs classes concern-
ing time. For instance, LST values of the green area for the
periods 2001-2006, 2007-2013 and 2014-2019 were found
to be 42.18 °C, 42.66 °C and 42.83 °C for daytime respec-
tively, and 21.1 °C, 21.57 °C and 21.89 °C, for nighttime re-
spectively. This manifests a continual rise of the LST of that
class within the period. While the LST average amounts for
Cropland in periods 2001-2006, 2007-2013 and 2014-2019
were found to be 43.61 °C, 43.47 °C and 44.18 °C for day-
time respectively, and 220.1 °C, 22.14 °C and 22.84 °C, for
nighttime respectively. This apparent vacillation of LST
values within the period. Likewise, the vacillation of LST
values were also recognized in bare soil areas. The rise in
LST value was noted in the urban land as 44.92 °C, 45.23 °C
and 45.81 °C for daytime respectively, and 25.67 °C, 26.3 °C
and 26.92 °C, for nighttime for the periods 2001-2006,
2007-2013 and 2014-2019, respectively. The continual rise
in the urban area coupled with the increase in LST values
between 2001-2006, 2007-2013 and 2014-2019 indicate
that urbanization impacted the increase in LST values in
Amman.

2.8. UHI intensity and meteorological conditions

Figure 12 shows the correlation between average tempera-
ture during each year’s summer months and the corre-
sponding UHI intensity. A significant positive correlation
(p < 0.001) has been found between the average tempera-
ture and the UHI intensity in both daytime and nighttime.
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Figure 12. Correlations between UHI intensity and the average
temperature of a) daytime and b) nighttime



62 N. M. Hussein, M. N. Assaf. Assessment of spatial and temporal distribution of Urban Heat Islands (UHI) in...

a) 029 R2=0.6447
g . [ ]
2 28
z %9
g 27 ® 0. @
£ .
= 26 0.
% o °
> 25 o .
£ 24 .
>
8 23
25 35 45 5.5
Average Wind Speed (m/s)
bl 920 R?=04195
218
2 ‘e, O
g 16 _rx
£ See o .
= 14 e ®
qE_: 1.2 ° .
£ 1.0 °
JC:D [ ]
2 08
= 5 35 45 55

Average Wind Speed (m/s)
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wind speed: a) daytime and b) nighttime

Figure 13 shows the correlation between average wind
speed during each year’s summer months and the cor-
responding UHI intensity. A significant negative correla-
tion (p < 0.001) has been found between the average wind
speed and the UHI intensity in daytime and nighttime.

3. Discussions

The detected higher daytime UHI intensity compared with
the nighttime UHI intensity can be explained by three fac-
tors. First, the urban surfaces (pavement materials, build-
ing density, building height and building materials) will
absorb more radiation and solar energy compared to sub-
urban areas during the day (Strong et al., 2002; Si et al.,
2022). Second, the denser buildings and structures in the
urban area lead to reduced access to the sky spaces; thus
the ground’s radiation encounters various reflections be-
tween the surfaces and walls in urban areas, resulting in
significantly diminished heat loss from the ground to the
atmosphere (Kalnay & Cai, 2003). This results in higher
LSTs value during the day in the urban areas. Third, cooler
transpiration effect of vegetation presence during the day-
time contributes to lower LST values. The vegetation cover
is denser in the rural areas and leads to an increase in
the diurnal differences in the UHI intensity. These outputs
are consistent with previous studies findings (Peng et al.,
2012; Du et al,, 2016; Dewan et al., 2021b; Ejiagha et al.,
2022).

An inverse correlation has been detected between
LST and VIs indicated (Figure 9). The presence of veg-
etation cover can provide a cooling effect and reduce the
LST mainly due to two reasons; transpiration process
and shadow effect. Transpiration raises the latent heat
fluxes and moisture availability, which create a cooling ef-
fect on the surface temperature (Sharma & Joshi, 2015;
Li et al.,, 2011; Peng et al., 2012; Yuan & Bauer, 2007).

The vegetation shadow can reduce the radiation on the
nearby surface, thus adjusting the energy interactions on
these surfaces and thereby reducing the land temperature
(Mathew et al,, 2017). A strong and significant negative
correlation was found between the LST and VIs during the
daytime. This reflects the vital role that vegetation plays
to decrease the LSTs and mitigate the UHI intensity in
the urban area. Hu and Jia observed that the vegetation
fraction declined by 16% from 1990-2007, leading to a
2.5 increasing in the LST in Guangzhou, China (Hu & Jia,
2010). However, the LST and VIs had insignificant corre-
lations during the nighttime; which was anticipated due to
the absence of shadow effects and evapotranspiration dur-
ing the night (Peng et al., 2012; Arnfield, 2003). Moreover,
the outputs indicate that the relationship of EVI with LST
is better than the LST-NDVT relationship for both daytime
and nighttime. EVI provides a better representation for
extent vegetation than NDVT and, therefore, the preferable
relationship of LST with EVI. The insignificant relation-
ship between the LST and VIs during the nighttime can be
attributed to the absence of vegetative transpiration (Zhou
et al., 2014; Arnfield, 2003).

The surface materials’ solar energy absorption and
thermal properties govern the surface heat storage and the
land temperature during the daytime (Peng et al., 2012).
Therefore, the urban areas with higher absorption capac-
ity and higher emissivity experience higher LSTs (Kjelgren
& Montague, 1998). However, Greenlands have less emis-
sivity and thermal conductivity (in the absence of wet-
lands in this study), so it has a lower temperature during
the daytime (Imhoft et al., 2010; Zhao et al., 2020). The
latent heat flux from the ground to the sky controls the
land temperature during the night (Voogt & Oke, 2003).
Vegetation lands have a low temperature due to three
factors. Firstly, vegetation land consists of exposed bare
soil and sparse vegetation, which releases heat quickly at
night due to its low thermal capacity, thus decreasing the
temperature (Weng, 2001). Secondly, extensive vegetation
areas are also located in almost blank spaces. Accordingly,
the long-wave radiation from the surface can be quickly
scattered into the air and decrease the land temperature
(Chudnovsky et al., 2004). Third, through the transpira-
tion process, plant roots can absorb the moisture from
the soil and release it into the air, which reduces the LSTs
(Kjelgren & Montague, 1998).

A significant correlation was founded between the
UHI intensity and meteorological conditions. The sur-
rounding temperature considerably impacts land surface
materials. Urban land surface materials mainly involve
pavement, clay and concrete, which have thermal inertia
and high heat flux and are affected substantially by sur-
rounding temperatures (Debbage & Shepherd, 2015; Si
et al,, 2022). While in the suburban area, the vegetation
and bare soil are the main constituents of land surface
material. They have a low heat flux, therefore less affected
by the surrounding temperature than urban land surface
materials (Oke, 1973). Slow wind velocities restrict hori-
zontal airflow and enable spatial thermal heterogeneity to
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strengthen and continue. In contrast, high wind serves to
homogenize and mix adjacent suburban and urban air
masses (Schatz & Kucharik, 2014). Therefore, with the in-
crease in wind speed, the temperature difference between
the urban and suburban areas will decrease, leading to a
decrease in the UHI intensity. The results are consistent
with previous studies findings (Du et al., 2016; Estoque
et al., 2017; Agarwal & Tandon, 2010).

Studying the UHI effects is a new subject for develop-
ing countries like Jordan. Until now, Jordanian govern-
ment does not have any specific program for UHI mitiga-
tion; even it has not added to any climate change adap-
tation plans. The corresponding procedure development
should be initiated by thoroughly investigating the UHI
effects and quantifying the potential of each mitigation
technique. This research quantified the UHI and inves-
tigated its relationship with the driving factors (differ-
ent LCTs and meteorological conditions). Moreover, this
study’s outputs would help develop strategies to reduce
the UHI effect like increasing the urban tree planting, us-
ing the green roofs, urban surface materials and urban
configurations that affect wind porosity. This research can
open a door for further investigation to quantify the UHI
mitigating option, such as street and pavement albedo, ur-
ban vegetation planning, urban canopy control and urban
building density in the future.

Conclusions

Remote sensing data of LST, LCTs and vegetation indica-
tors have been utilized in the current research to analysis
the UHI pattern in Amman, Jordan. The 8-day LST data
for both daytime and nighttime has been carried out for
the summer months (June, July and August) from 2001 to
2019. Significant UHII has been observed in both daytime
and nighttime where the average UHII during daytime
ranges from 2.41 °C to 2.87 °C, with an average UHII of
2.67 °C. While the average intensity during nighttime was
found to be lower than daytime with ranges from 1.00 °C
to 1.95 °C, and an average UHII of 1.47 °C. An inverse
proportionality was detected between LST and vegeta-
tion indicators (NDVI and EVI). The R% between the LST
and NDVI was 0.75 and 0.26 on average for daytime and
nighttime, respectively. While the R? between the LST and
EVI was 0.78 and 0.31 on average for daytime and night-
time, respectively. These results indicate the EVI is a better
representative of vegetation than NDVI, and the cooling
effect of vegetation is more effective during the daytime.
Also, the results show that LCT affects the LSTs. Conse-
quently, designers should encourage ecological corridors
construction to facilitate energy and mass transfer among
urban areas and their adjacent areas. Also, they should
focus on establishing and improving the green areas in
residential, commercial and industrial buildings.
Vegetation has been proven to significantly reduce
LST mainly in the daytime due to its cooling effect that
results from the transpiration process and shadow effect.
Therefore, increasing the percentage of vegetation in the

commercial, residential and industrial sectors is highly
recommended, and the decision-makers and urban plan-
ners are required to establish policies and regulations to
encourage urban developers to consider the impact of
their urbanization activities and execute an effective and
appropriate mitigation measures.
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