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Abstract: This study aimed to analyze the trend in land surface temperature (LST) over time using
the entire archive of the available cloud-free Landsat images from 1986 to 2022 for Jordan and its
nine local climate zones (LCZs). Two primary datasets were used (i) Landsat-5; -8 imagery, and
(ii) map of LCZs of Jordan. All LST images were clipped, preprocessed, and checked for cloud
contamination and bad pixels using the quality control bands. Then, time-series of monthly LST
images were generated through compositing and mosaicking processes using cloud computing
functions and Java scripts in Google Earth Engine (GEE). The Mann—Kendall (MK) test and Sen’s
slope estimator (SSE) were used to detect and quantify the magnitude of LST trends. Results showed
a warming trend in the maximum LST values for all LCZs while there was annual fluctuation in the
trend line of the minimum LST values in the nine zones. The monthly average LST values showed a
consistent upward trajectory, indicating a warming condition, but with variations in the magnitude.
The annual rate of change in LST for the LCZs showed that the three Saharan zones are experiencing
the highest rate of increase at 0.0184 K/year for Saharan Mediterranean Warm (SMW), 0.0185 K/year
for Saharan Mediterranean Cool (SMC), and 0.0169 K/year for Saharan Mediterranean very Warm
(SMvW), indicating rapid warming in these regions. The three arid zones came in the middle, with
values of 0.0156 K/year for Arid Mediterranean Warm (AMW), 0.0151 for Arid Mediterranean very
Warm (AMvW), and 0.0139 for Arid Mediterranean Cool (AMC), suggesting a slower warming
trend. The two semi-arid zones and the sub-humid zone showed lower values at 0.0138, 0.0127,
and 0.0117 K/year for the Semi-arid Mediterranean Cool (SaMC), Semi-arid Mediterranean Warm
(SaMW) zones, and Semi-humid Mediterranean (ShM) zones, respectively, suggesting the lowest rate
of change compared to other zones. These findings would provide an overall understanding of LST
change and its impact in Jordan’s LCZs for sustainable development and water resources demand

and management.
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1. Introduction

Monitoring land surface temperature (LST) has emerged as a crucial factor for under-
standing the dynamics of Earth’s ecosystems [1]. Recently, major concerns have been raised
regarding the changes in the climatic conditions including the changes in LST even at local
scales. In this context, the local climate zones (LCZs) are distinct geographical regions
that have unique climate characteristics—they could have a significant role in shaping the
microclimatic and thermal characteristics of the environment, human health, and natural
ecosystems [2]. Therefore, comprehensive and accurate spatiotemporal monitoring of LST
within the LCZs is essential for assessing such effects. For example, the increase in LST
would influence other environmental elements such as humidity, evaporation, plants, and
hydrological regimes [3,4]. Many studies have been conducted to analyze the link between

Atmosphere 2024, 15, 318. https:/ /doi.org/10.3390/atmos15030318

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos15030318
https://doi.org/10.3390/atmos15030318
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0002-2162-7385
https://orcid.org/0000-0002-3263-6121
https://doi.org/10.3390/atmos15030318
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos15030318?type=check_update&version=1

Atmosphere 2024, 15, 318

20f19

thermal behavior and environmental characteristics such as topography, land use/land
cover (LULC) in local climates [5-7].

LST monitoring using traditional methods relies mainly on on-site measurements.
While these techniques can yield accurate results, they often suffer from drawbacks such as
high cost, time-consuming processes, and inadequate spatial coverage [2]. However, with
the power of Remote Sensing (RS) technology and advanced geospatial data analysis, the
study of Earth’s LST patterns has been revolutionized. In this context, the Landsat satellite
system—among the other satellite systems—would be the most valuable RS resource, boast-
ing a comprehensive archive of multispectral imagery including thermal bands spanning
from 1984 at fine spatial (i.e., 30 m) and temporal (i.e., 16 day) resolutions [8]. Other satellite
systems provide LST data but with lower spatial resolution such as the moderate-resolution
imaging spectroradiometer (MODIS, ~1 km), Advanced Very High Radiometric Resolution
(AVHRR; ~1 km), the Spinning Enhanced Visible and InfraRed Imager (SEVIRI; ~3 km),
and the Geostationary Operational Environmental Satellite (GOES, ~4 km). These satellite
systems are suitable for monitoring LST at global and regional scales due to their low
spatial resolution [9]. LST retrieval from satellite systems provides crucial insights into
climate monitoring, agricultural assessments, and LCZs classification. This process relies
on applying sophisticated radiative transfer models and atmospheric correction algorithms
on the thermal infrared bands captured by the sensors. These spectral bands are sensitive
to the emitted radiation from Earth’s surface, enabling the analysis of LST variations across
landscapes [10].

Monitoring LST changes and trends can be performed using (i) simple comparisons
between images taken at specific time intervals (e.g., 5 or 10 years), and (ii) time-series of
images taken within a specific continuous period. The first is common as it does not require
an intensive computational process. Several studies have monitored LST change and linked
it to the change in LULC types by employing such simple comparisons around the world.
Nega and Balew [11] provided systematic reviews of published studies that analyzed the
relationship between LULC changes and LST using RS data. They reviewed the most recent
100 studies around the world over the period (January/2016 to August/2021), readers are
encouraged to refer to this paper for the details. However, such simple comparison may
not provide an accurate overall understanding of LST changes over time due to the possible
local LULC and weather variations in the selected dates [11]. Therefore, monitoring the
spatiotemporal dynamics of LST using a larger amount of LST data in the form of time-
series would be more effective.

2. Related Work and Original Contribution

Several studies have used time-series of MODIS products, namely MOD11C3/MYD11C3
with 0.05° (~5.6 km) and MOD11A2 and (1 km) spatial resolutions for daytime and night-
time LST trend monitoring. For example, Jaber and Abu-Allaban [12] in Jordan did not find
significant linear rates of change in LST in the daytime, while they observed significant lin-
ear rates of increase in LST in night-time in approximately one-third of the country, mainly
in the western parts within the period 2000-2018. They concluded that anthropogenic
factors would be more important in affecting the LST in night-time than the natural factors.
Luintel et al. [13] in Nibal showed an increasing pattern of the night-time LST between
2000 and 2017. Dewan et al. [14] used the 8-day MODIS LST data at a 1 km spatial resolu-
tion in Bangladesh for the period 2000-2019 and reported annual warming trends in the
large-populated cities. Eleftheriou et al. [15] spatially aggregated the original 1 km (8-day)
LST composite into 10 km x 10 km for computing the annual and seasonal temporal trends
for each sub-area in Greece. They reported a decrease in the annual and seasonal daytime
LST trends, while the night-time LST trends showed an increment between 2000 and 2017.
Hassan et al. [16] documented daytime cooling in LST in Summer and early Winter in the
southern and southeastern natural sub-regions in Alberta province in Canada between
2001 and 2020. They indicated that several factors have influenced the LST trends in the
study area including climate, LULC, geology, and topography conditions. Yang et al. [17]
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analyzed the spatiotemporal patterns of LST change in the Tibetan plateau from 2000 to
2018. They indicated that both daytime and night-time showed obvious warming trends,
and that the night-time variation has larger spatial coverage. Other studies have used
MODIS products for LST trend analysis at larger scales, such as Liu et al. [18] for the entire
world between 2003 and 2017, Yan et al. [19] for North America between 2002 and 2018,
and Shawky et al. [20] in South Asia region between 2000 and 2021. In all these studies
low-spatial-resolution data were used and applied to large geographic extents using few
hundreds of images (i.e., 200-300 image).

Furthermore, Landsat data were used for monitoring LST over time through time-
series analysis. For example, Fu and Weng [21] used Landsat-5 LST images between
2000 and 2010 and analyzed the LST time-series patterns and the intra- and inter-annual
landscape thermal patterns over Los Angeles County in the United States. Their results
suggested that the developed areas exhibited relatively low seasonal amplitude and that
the difference of the averaged LST trend were higher in urban areas compared to other
LULC types over the decade. Sekertekin et al. [22] modeled the diurnal LST in an arid
environment located in Nevada in USA using the artificial neural network and time-series
analysis. They used 78 Landsat-8 satellite imageries covering the study area that were
utilized between 2013 and 2019. The results showed that the LST difference was lower than
1 K during wintertime and it was 2.49 K in the summertime. Athick et al. [23] used ten
Landsat images from Landsat-5, -7, and -8 from 1999 to 2018 to investigate decadal LST
variations and its impact on the surrounding environment in Ethiopia. They found that the
barren regions had high temperatures and areas with more vegetation had low.

In all the previous studies, the researchers downloaded tens or hundreds of images
over short periods (i.e., 10-20 years) from data sources to perform their analysis on local
computers. However, analyzing a larger size of data for longer periods using traditional
geospatial programs and local computers would be extremely tedious as they require
downloading imageries that have large sizes and require complex preprocessing, input
operational parameters and steps, and high-performance computational requirements.
Feasibly, with the recent development of powerful geospatial analysis cloud computing
platforms such as Google Earth Engine (GEE), unprecedented opportunities are opened
to investigate complex environmental phenomena [24]. GEE provides access to a vast
collection of global and regional RS datasets including the full archive of Landsat mis-
sions [25]. It enables the analysis of large-scale geospatial data using Google’s computing
infrastructure. GEE has become an important tool for the analysis of earth systems [26]
including LST modeling and monitoring [27]. This platform is particularly useful in this
area, as it provides access to large amounts of historical and real-time data, making it
possible to generate models and predictions of thermal related processes.

In this context, recent studies used the GEE platform to analyze the LST changes
using MODIS and Landsat data. For example, de Almeida et al. [28] used annual summer
and winter average LST MODIS and Landsat data acquired between 2003 and 2021 and
analyzed the dynamics of the LST temporal trend in a mountainous area in Portugal. They
figured out that the LST remained stable over time during summer but increased during
winter nights. Bera et al. [29] used MODIS data to estimate the annual and seasonal day
and night LST trends in relation to influencing factors from 2003 to 2020 in megacities of
India using GEE. They found varying increases and decreases in LST between the different
cities due to the variation in influencing factors in the day and night-time between the
cities. Roy and Bari [30] examined the relationship between LST and LULC in Sylhet Sadar
Upazila in southeastern Bangladesh using annual average of Landsat-5 and Landsat-8
LST images between 2000 and 2018. They found varying cooling and warming changes
in LST due to the variation in LULC. Wang et al. [31] and Ermida et al. [27] created a GEE
framework for producing global long time-series LST images using the entire Landsat
thermal infrared image archive and evaluating it against in situ and MODIS LST products.
Murtaza et al. [32] used GEE to evaluate the relationship between the spatiotemporal
changes in urban areas and LST in Srinagar City in India using continuous archived time-
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series Landsat imageries from 1992 to 2020 of summer months. The study revealed that
the maximum and minimum LST average values has increased by 11 °C and 5 °C between
1992 and 2020, which indicated the impact of urbanization on the city.

In view of previous studies, assessing the LST trend over a longer period that fits
climatological studies (i.e., +30 years) at local scales and monthly intervals would be
essential for understanding the environmental changes. Here, analyzing the LST trend at
LCZs in Jordan in the Middle East has been selected as the study area. Jordan has various
LCZs enabling analyzing the influence of local natural variations on thermal behavior
over time. The main objective of this study is to analyze the trend in LST over time using
the entire archive of the available cloud-free Landsat images from 1986 to 2022 (36 years)
for Jordan at monthly and LCZ scales. The study hypothesizes that the LST trend tends
to increase at LCZs in Jordan due to climate change and other local characteristics (e.g.,
vegetation cover variation and LULC). This is the first study, to our knowledge, that
analyzes the LST trend using continuous 36-year monthly Landsat time-series imageries
over nine different LCZs at once. It would contribute to provide a better comprehensive
understanding of LST impacts on Jordan’s LCZs for sustainable development and the
demands on water resources management, food production, and energy supplies. GEE and
Java scripts were used to perform the entire analyses.

3. Materials and Methods
3.1. Study Area

The entire geographic extent of Jordan in the Middle East was selected as the study
area. It has nine various LCZs (Figure 1). In general, it is located within the Mediterranean
climate zone, where the rainy season occurs from November to April while it is very dry for
the rest of the year. The country covers an area of ~90,000 km? and located between 29° N
and 34° N and 34° E and 40° E. Topographically, it is divided into three main landforms,
namely the mountainous highlands, the desert plateau, and Jordan rift valley. Elevation
extremes to the sea mean level are —408 m at the lowest point in the Dead Sea, and 1854 m
at the highest point in Umm Dami mountain. The population is ~11.5 million inhabitants
as of August 2023 (http://dosweb.dos.gov.jo/, accessed on 14 September 2023).
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Figure 1. Map of Jordan (the study area) and its local climate zones (LCZs), after [33].
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3.2. Data Used

Two primary datasets were used in this study: (i) Landsat-5; -8 imagery, and (ii) LCZs
of Jordan. The entire archive of Landsat data at a spatial resolution of 30 m, between 1986
and 2022, was imported from the GEE catalog. The start and end dates were set between
1 January 1986 and 31 December 2022. The latest version (i.e., collection 2, level 2) of
Landsat LST product was used because it has enhanced accuracy values over the previous
versions. It was generated using the Landsat surface temperature algorithm (Version 1.3.0)
that meets the <76 degrees’ solar zenith angle constraint and includes the required auxiliary
data inputs to generate a scientifically viable product [34]. Table 1 shows the parameters of
Collection 2 LST enhancements.

Table 1. The parameters of Landsat Collection 2 LST enhancements *.

Collection 2 Surface Collection 1 Surface
Temperature Temperature
Fill Value 0 —9999
Scaling Factor 0.00341802 + 149.0 0.1
Data Type Unsigned 16-bit integer Signed 16-bit integer
Valid Range 1-65,535 1500-3730
Atmospheric GEQOS-5 FP-IT (2000-present) NARR
Reanalysis Source MERRA-2 (1982-1999)
L1 QA_Pixel Level-2 PIXELQA
Quality Band L1 QA_RADSAT Level-2 RADSATQA
L2 SR_QA_AEROSOL Level-2 SRAEROSOLQA

* Source: USGS, https://www.usgs.gov/landsat-missions/landsat-collection-2-level-2-science-products (ac-
cessed on 16 August 2023).

The nine LCZs in Jordan were obtained from the Atlas of Jordan [34]. The Atlas was
produced in 2013 and it contains key maps that support researchers in performing a spatial
analysis of the environmental and socio-economical dynamics in Jordan. It was generated
over seven years through collaboration between 48 Jordanian and international researchers
from official and research departments [33].

3.3. Landsat Data Preparation

The archive of Landsat-5 Thematic Mapper (TM, band 6, 10.40-12.50 um) and the
Thermal Infrared Sensor (TIRS, band 10, 10.60-11.19 um) of Landsat-8, in addition to the
quality assessment masks (i.e., QA_PIXEL and QA_RADSAT) bands, were used to generate
the monthly average LST images. All LST images were converted from digital numbers
into Kelvin (K) units after applying a specific scale factor associated with the dataset
(i.e., LST image x 0.00341802 + 149.0). The QA bands were used to mask out any pixels
that are contaminated by cloud and cloud shadow, or are saturated such as Bit 0—Fill,
Bit 1—Dilated Cloud, Bit 2—Cirrus, Bit 3—Cloud, and Bit 4—Cloud Shadow. Finally,
time-series of monthly LST images were prepared using compositing and mosaicking
processes in which the compositing process was used to spatially combine the overlapping
images into a single image based on an aggregation function (i.e., monthly mean), while
the mosaicking process was used to assemble the spatially adjacent images into a spatially
continuous images that cover the entire study area using the composited images. Then,
all images were clipped within the boundary of Jordan using a boundary shapefile of the
country. Note that the time-series of LST images for the period 1986-2010 were generated
using Landsat-5 imageries, while the images between 2013 and 2022 were obtained from
Landsat-8 imageries. The data for the period 2011-2012 were not available for the study
area from these two data sources. Meanwhile, the data from Landsat-7 were not used due
to its line-scan-error problem in the study area. These processes were performed using
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cloud computing functions and Java scripts in GEE, enabling processing, and analyzing a
total of 1,227,397 Landsat-5 and Landsa-8 images.

3.4. Estimating the LST Trends in Jordan and at Its LCZs Using Linear Regression Analysis

In GEE, the time-series images are represented in Image Collections, in which the data
are joined together to define temporal relationships between the images using functions.
The LST time-series is an array of the LST images sorted chronologically such as

pt=t0+tl... tN (1)

where t is the LST image in the series. The first step in LST time-series analysis is to import
the LST data and plot them within the area of interest. In this study, the area of interest
was set to cover (i) the whole geographic extent of Jordan, and (ii) the nine LCZs. In
both cases, the monthly averaged LST values were computed to evaluate the time-series
trend. In both coverages, a strong seasonality and perhaps a gradual linear trend over
time is hypothesized. Using Java script coding in the GEE platform, two functions called
addVariables and .map() were created to extract the date and LST values of each image and
store them in an array; and to build a time-series model of LST data, respectively. After
that, a .Chart () function was used to visualize the linear trend line for LST over the period
of interest (1986-2022). Ordinary Least Squares (OLS) was used to fit the trend model to the
Landsat LST series by harnessing the linearRegression() reducer in GEE to estimate the linear
trends over time. OLS tests were performed if the slope of the estimated linear regression
line is different from zero.

3.5. Estimating the LST Trends in Jordan and at Its LCZs Using Mann-Kendall Test and
Sen’s Slope

The Mann-Kendall (MK) test and Sen’s slope estimator (SSE) were used to detect
the increasing or decreasing trends in LST and to quantify the magnitude of the trend,
respectively in the study area over the period of interest. The variance of the MK test
statistic, the Z-statistic for the test of presence of any trend, and the p-value of the statistic
were also computed. The MK test is suitable for assessing monotonic trends over time,
which measures whether the variable consistently increases/decreases over time, but the
trend may or may not be linear [20]. It is measured as the sum of the signs of all the image
pairs in the time-series. The SSE evaluates the magnitude and the direction of the trends
such as warming or cooling in LST over time. It is the median slope of all image pairs in
the time-series. The MK and SSE were calculated using the following equations:

n=1 n
MK =Y Y sign(xj—x)
k=1 j=k+1

where
+1 if (x]‘ - xk) >0
sign(x; — x) = { 0if (xj—x) =0
-1 lf (x] — xk) <0

n is the number of image dates, and X; and x; are fromk=1,2,..,n—landj=k+1,
..., nin the LST time-series. The mean of MK is 0, and the variance in MK is calculated
as follows:

n(n—1)(2n+5)

var(MK) = 13
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when 1 >10, the Z statistic is computed as follows:

MK-1 :
S I MK >0

0if MK=0
MK+1
oar if MK <0
Positive Z values indicate increasing trends while the negative Z values indicate

decreasing trends.
The SSE is calculated as follows:

Z

. Xjp— X\ ..
SSE = Median ( — ),]>z
where SEE is Sen’s slope for the set of pairs (i, x;) in x; time-series with the elements (x;, x;)
fulfilling j > i. The negative SSE values indicate a cooling trend in the LST time-series, while
the positive values indicate a warming trend. The data were tested at a 5% significance
level. The null hypothesis (H0) assumes that there is no trend in the series, while the
alternative hypothesis (Ha) assumes that there is a trend in the series. If the computed
p-value is lower than the significance level alpha = 0.05, the null hypothesis (H0) should be
rejected, and the alternative hypothesis (Ha) is accepted.

4. Results and Discussion
4.1. Analysis of Minimum and Maximum LST Values during 1986-2022

Table 2 shows the long-term average minimum and maximum LST values for each
climate zone in the country. It shows that the Semi-arid Mediterranean Cool zone witnessed
the lowest minimum value at 284.0 K, while the Arid Mediterranean very Warm zone had
the largest minimum value at 289.6 K. In terms of maximum LST values, the Saharan
Mediterranean Warm zone had the largest maximum value at 323.2 K, while the Sub-
humid Mediterranean zone witnessed the lowest maximum value at 315.8 K. The long-term
standard deviation for the minimum LST values was greater than the that of the maximum
LST values. This would indicate higher variation in minimum than maximum LST at
all LCZs.

Table 2. The long-term average (LTA) minimum and maximum land surface temperature (LST)
values and their standard deviations for each climate zone in Jordan.

Local Climate Zone LTAmin LTAmin_std LTAmax LTAmax_std
Saharan Mediterranean Warm (SMW) 287.6 3.2 323.2 29
Arid Mediterranean very Warm (AMvW) 289.6 4.3 320.4 24
Sub-humid Mediterranean (ShM) 285.8 3.2 315.8 24
333?; a(rél\l\//[[js\i]t)erranean very 289.5 3.6 321.1 24
Saharan Mediterranean Cool (SMC) 286.5 3.8 321.2 2.6
Arid Mediterranean Cool (AMC) 285.2 3.9 318.3 2.2
Arid Mediterranean Warm (AMW) 286.2 3.9 318.9 24
Semi-arid Mediterranean Cool (SaMC) 284.0 5.0 316.8 2.5

Semi-arid Mediterranean Warm (SaMW) 285.1 4.0 318.3 24
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Figure 2 shows the trend line for the annual minimum and maximum LST during the
period 1986-2022. It shows a warming trend in the maximum LST values for all LCZs while
there was annual fluctuation in the trend line of the minimum LST values in the zones.
Though that both minimum and maximum LST vales would be affected over long periods,
but often the maximum LST values would be more strongly influenced by long-term
climate change due to different reasons such as (i) extreme heat events, which primarily
affect maximum LST values, causing them to rise significantly during the hottest parts of
the year—this effect is particularly pronounced in arid and semi-arid regions, which are
prone to high temperature; (ii) increased evapotranspiration, which can lead to reduced soil
moisture and plants water content. This can contribute to higher maximum LST values as
the land surface heats up more quickly in drier conditions; (iii) changes in LULC can impact
surface albedo, which affects the amount of solar radiation absorbed or reflected. Reduced
vegetation cover and increased urban areas can lead to higher maximum LST values; and
(iv) local geography such as elevation, proximity to water bodies, and topography can also
influence the patterns of minimum LST values more than the maximum values.
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Figure 2. The trend line for the annual minimum and maximum land surface temperature (LST)
during the period 19862022 for each local climate zone (LCZ).

4.2. LST Trend in Jordan and Its LCZs Using Linear Regression Analysis

Figure 3 shows the linear trend line of LST in Jordan during the period 1986-2022
using the entire available archive of Landsat-5 and Landsat-8 data. During this period,
a noticeable trend in LST emerged. This trend is characterized by a persistent increase
in LST across the country. The data show that the monthly average LST values have a
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consistent upward trajectory, indicating a warming condition. This long-term trend in LST
shows a substantial and persistent rise in temperatures. The magnitude of this increase is
noteworthy, in fact, the average LST values have been progressively moving up year after
year. For instance, the rate of change in LST (Slope = 0.0193 K/month) during this period
highlights the importance of this trend surpassing the long-term average and suggesting a
warming climate. While natural variations and annual fluctuations are expected in LST, the
overall pattern at the country level transcends such short-term variability. This increase in
monthly LST average values indicates a broader climate change phenomenon with possible
far-reaching implications. Several factors could contribute to this warming trend, such
as human activities and industrial processes, transportation, and deforestation, LULC
change. Furthermore, studies have indicated that extreme climate events like heatwaves
and prolonged high temperatures have become more frequent and severe in Jordan during
this period, which further emphasized the impact of this LST trend [35,36]. These extreme
events may have further consequences, affecting ecosystems, agriculture, water resources,
and human health [36,37].

However, there would be regional variations in the intensity of this LST trend. There-
fore, further analysis on LST trend was performed at LCZs in the country. Figure 4a—i
shows that the trend in all climate zones was increasing, however, with variations in the
rate of change (slope), which might be amplified or mitigated by local factors. For instance,
the slope values ranged between 0.0117 K in the Sub-humid Mediterranean (ShM) zone
(Figure 4c) to 0.0187 K in the Saharan Mediterranean Warm (SMW) zone (Figure 4a). This
could be attributed to a combination of natural and anthropogenic factors. For example,
(i) the proximity to Mediterranean Sea may have a moderating effect on LST as it acts
as a heat reservoir, absorbing and releasing heat slowly, thereby stabilizing or mitigating
warming trends in the ShM zone. In contrast, the SMW zone is located further inland, with
less influence from the Mediterranean Sea. This leads to more extreme LST fluctuations, as
there is less moderation from the sea. Meanwhile, the SMW zone is part of the Arabian
Sahara Desert, which is known for its extreme heat and arid conditions. This can result in
higher temperatures due to the strong influence of hot, dry air masses. (ii) Differences in
elevation can also contribute to variations in LST. The ShM zone has higher elevation as
it represents the mountains in the country, which have cooler temperatures compared to
low-lying areas in the SMW zone. (iii) Differences in land use and agricultural practices
between the zones can also affect local LST. The ShM zone contains most of the agricultural
land and forested areas [34], which can reduce the warming trend by adding moisture to
the air, while the vegetation cover in the SMW zone is rare. It is important to note that
these factors can interact in complex ways, and the rate of LST change could be influenced
by all of them.

Table 3 shows summary of the annual rate of change (slope) of LST for each climate
zone; it shows that the three Saharan zones are experiencing the highest rate of LST
increase at 0.0184 K/year for SMW, 0.0184 K/year for SMC, and 0.0196 K/year for SMvW,
indicating rapid warming in these regions. The three arid zones come in the middle with
values of 0.0156 K/year for AMW, 0.0151 for AMvW, and 0.0139 for AMC, suggesting a
slower warming trend. The two semi-arid zones and the sub-humid zone show lower
values at 0.0138, 0.0127, and 0.0117 K/year for SaMC, SaMW, and ShM zones, respectively,
suggesting the lowest rate of change compared to other zones.
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Figure 4. Trend analysis of LST over local climate zones (LCZs) in Jordan between 1986 and 2022. The red arrows represents the trend line of the monthly long-term
average of land surface temperature (LST).
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Table 3. Annual rate of change (slope) of LST for each climate zone in Jordan in an ascending order.

Local Climate Zone Rate of Change (Slope) K/Year

Sub-humid Mediterranean (ShM) 0.0117
Semi-arid Mediterranean Warm (SaMW) 0.0127
Semi-arid Mediterranean Cool (SaMC) 0.0138
Arid Mediterranean Cool (AMC) 0.0139
Arid Mediterranean very Warm (AMvW) 0.0151
Arid Mediterranean Warm (AMW) 0.0156
Saharan Mediterranean very Warm (SMvW) 0.0169
Saharan Mediterranean Cool (SMC) 0.0184
Saharan Mediterranean Warm (SMW) 0.0185

4.3. LST Trend at LCZs in Jordan Using the Mann—Kendall Trend Test and Sen’s Slope Estimator

Figure 5 and Table 4 show the trends of LST in the LCZs in Jordan as calculated using
MK and SSE. The results showed an existing warming trend in both monthly and annual
levels in all LCZs in Jordan during the period 1986-2022 at statistically significant levels
with 95% confidence. The average maximum warming trend value was 0.204 K/year at
the monthly scale. The Saharan Mediterranean Warm (SMW) climate zone scored the
highest warming trends in six months (i.e., April.,, June, July, August, September, and
December) and at the annual level. This is the driest zone in the country and the vegetation
cover is missing except for a few farms that depend on pumping underground water;
such environment may truly wetness the highest impact of the local warming trend. The
average minimum trend value was 0.105 K/year on the monthly scale. The Sub-humid
Mediterranean (ShM) scored the minimum warming trends at the annual level and all
months except in February and October. This might refer to the topography and vegetation
cover in this zone as it is in the mountainous area in the country and contains the ever-green
forested area in Jordan; these factors may reduce or flatten the change in the warming trend.
Figure 6 shows the temporal variation in LST in the LCZs in Jordan. It shows that the Sub-
humid Mediterranean zone witnessed the maximum variation, with slope values ranging
between 0.017 K/year in March and 0.244 K/year in February. The Arid Mediterranean
Warm zone had the lowest variation, with slope values between 0.122 K/year in December
and 0.194 K/year in August.

Table 4. Slope values (rate of change) of monthly average and annual land surface temperature (LST)
for each local climate zone (LCZ) in Jordan as calculated by Sen’s slope estimator.

LCZs Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec  Annual
SMW 0127 0218  0.101 0171 0171 0193 0262 0237 0217 0197 0173 0215 0.190
AMvW 0.098 0159 0105 0119 0124 0124 018 0124 0178 0176 0.099 0.176  0.139
ShM 0.067 0244  0.017 0.080 0055 0102 0.168 0100 0.080 0.185 0.038  0.097  0.103
SMvW  0.201 0183 0176 0125 0207 0180 0202 0210 0195 0193 0214 0119 0.184
SMC 0153  0.231 0155 0119 0188  0.193 0221 0223 0213 0189 0.182 0159  0.186
AMC 0177 0159 0.096 0116 0115 0175 0190 0.161 0.156  0.177  0.139  0.141 0.150
AMW 0175  0.181 0134 0131 0132 0182 0197 0194 018 0164 0154 0122 0.163
SaMC  0.203 0146 0103 0.102 0.142 0169 0211 0.154  0.131 0137  0.164 0130 0.149
SaMW 0208 0173  0.059 0099 0107 0.154 0194 0132 0129 0204 0107 0136  0.142
Average 0.156  0.188  0.105 0.118 0138 0164 0204 0171 0.165 0.180  0.141 0.144  0.156

Note: The slope values in italics are for trends that were not significant (i.e., the computed p-value was lower than
the significance level alpha = 0.05).
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Figure 5. LST warming trends in the local climate zones (LCZs) in Jordan. The confidence level of the
Mann-Kendall (MK) test and Sen’s slope estimator (SSE) is 95%.
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Figure 6. Temporal variation in land surface temperature in local climate zones in Jordan. Sub-
humid Mediterranean (ShM), Semi-arid Mediterranean Warm (SaMW), Semi-arid Mediterranean
Cool (SaMC), Arid Mediterranean Cool (AMC), Arid Mediterranean very Warm (AMvW), Arid
Mediterranean Warm (AMW), Saharan Mediterranean very Warm (SMvW), Saharan Mediterranean
Cool (SMC), and Saharan Mediterranean Warm (SMW) zones.

5. Discussion

The analysis of the LST trend in Jordan across various climate zones and timeframes
offered valuable insights into regional variations and drivers of change. The observed
pattern of the long-term LST aligns with established global trends of rising LSTs, mirroring
findings in studies like in [14,17]. The lowest minimum LST in the Semi-arid Mediterranean
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Cool zone and the highest in the Arid Mediterranean Very Warm zone are consistent with
expected climatic differences; such differences in LST values between these two zones reflect
their distinct climatic characteristics, with the Semi-arid Mediterranean Cool zone being
relatively cooler due to moderating influences, while the Arid Mediterranean Very Warm
zone exhibits higher temperatures typical of arid environments; this coincides with findings
in [38,39]. Interestingly, the higher standard deviation for minimum LSTs compared to
maximums suggests greater fluctuations in minimum temperatures across all zones. This
could be attributed to complex interactions between local factors like topography and
prevailing winds. The consistent warming trend in maximum LSTs across all zones confirms
the impact of climate change on Jordan, echoing global observations [14,17].

However, the results highlight significant regional variations in the rate of warming.
The three Saharan zones experiencing the highest LST increase are likely due to their arid
conditions and lack of moderating factors like water bodies. Conversely, the Sub-humid
Mediterranean zone with its higher elevation and vegetation cover exhibits the lowest
warming rate, supporting observations by [23] on the mitigating effects of these factors.
The other factors contributing to the influence of climate change on maximum LSTs such as
extreme heat events align with findings by Zeitoun and Jaradat [38] and are particularly
pronounced in arid regions [35,36]. The increased evapotranspiration dries the land surface,
leading to faster heating, as seen in other studies [3]. Meanwhile, LULC change reduces
vegetation cover and can significantly raise maximum LSTs, as demonstrated in [23].

The identified regional variations and driving factors highlight the need for further re-
search at finer spatial scales to understand the specific mechanisms governing LST changes
in different zones. Investigating the interplay between local factors (e.g., topography, water
bodies) and broader climate trends could provide valuable insights for targeted adapta-
tion strategies. Meanwhile, exploring the potential impacts of LST changes on various
environmental and socio-economic aspects in Jordan could inform policy and resource
management decisions. This would provide a comprehensive understanding of LST pat-
terns and their drivers for developing effective adaptation strategies to mitigate the impacts
of climate change on the country’s ecosystems and communities.

6. Conclusions

This study analyzed the trend of LST between 1986 and 2022 in Jordan and its nine
LCZs using the entire archive of available Landsat data within the study area. Different
statistical analyses were performed to understand the LST trend. The results showed that
LST is on an upward trajectory in the study area, with potentially profound consequences
for its climate and environmental regimes. This trend was observed at the scale of the
country and at the local climate zones. The spatiotemporal variations in LST in the study
area and its associated driving factors were demonstrated. LULC types, natural vegetation,
elevation variation, and proximity to open water bodies are the main influential factors.
Addressing this warming trend and mitigating its effects are critical challenges that require
attention and concerted efforts to reduce the warming driven by human-induced factors
and worsened by extreme events and LULC change and adapting to the changing climate.
Understanding and addressing this trend is vital for preservation of the environment,
ecosystems, and human well-being in the face of a changing climate within the local climate
zones in Jordan and improving the sustainable development plans.
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