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Abstract

Surface temperature is an important parameter for environmental as well as climate studies. Weather

stations, however, provide limited information about heterogeneous spatial patterns of temperatures over

wide areas, and satellite remote sensing is therefore a viable solution. The current study is designed to

assess the land surface temperature (LST) as estimated by a moderate resolution imaging spectroradiometer
(MODIS) onboard both the Terra and Aqua satellite systems from 2000 to 2014 over Jeddah. Station data
from Jeddah airport was retrieved for the study period and statistical analysis was performed. The results
of the study show that the correlation coefficient between MODIS day (night) time LST and station-
based maximum (minimum) temperature is 0.40 (0.93) for Aqua and 0.52 (0.85) for Terra. Overall, the

satellite-based minimum LST estimation is much better than maximum LST estimation. The results are

further analyzed with respect to population trends and urban growth development in Jeddah. I concluded

that satellite-based LST (MODIS Aqua and Terra) has great potential to represent ground station data over

Jeddah, Saudi Arabia.
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Introduction

Land surface temperature (LST) is an important
indicator of surface energy [1]. Many studies have
suggested that LST is mainly affected by industrialization,
urban growth, population increase, regional climate,
and topography [2-4]. According to the United Nations
(2014), 54% of the world’s population is living in urban
areas [5]. Whereas in 1950 it was only 30%, and it is
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projected that 66% of the world's population will be
living in urban areas by 2050. Saudi Arabia is the largest
country in the Middle East whose urban population is
also projected to increase by the year 2050 concurrently
with the global increase of urban population [5]. More
than 85% of the total population of Saudi Arabia resides
in urban areas as of 2014. In addition, the percentage
of urban population of Saudi Arabia was 77% in 1990,
which has increased to 85% in 2014, and it is projected
that the urban population of Saudi Arabia will increase
up to 89% of the total population by 2050 [5]. Globally,
the trend of urbanization and the growth of urban arecas
are proceeding rapidly [6-7]. Interestingly, it is revealed
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that the global urban population is increased from the
global rural population in 2007, and this increasing trend
is found to be continued in the preceding years [5, 8].
The increasing trend in urban population has an essential
impact on LST apart from other important environmental
concerns. It is therefore very important to monitor the LST
in order to better understand the local as well as regional
environmental issues.

Numerous studies have been conducted in the past
addressing the impacts of LST and urban growth on the
environment and society. For example, Rosenthal et al. [9]
observed a positive mortality rate ratio of persons aged
65 and older related to heat in New York City during the
period 1997 to 2006. Similarly, Smargiassi et al. [10]
concluded that the risk of death is greater in areas of higher
LST as compared to areas with lower LST in Montreal,
Canada. In a separate study, Ryu et al. [11] examined
the urban land impacts on Ozone air quality over Seoul,
South Korea, and concluded that the boundary layer
characteristics and local circulations under fair weather
conditions (whereas fair weather condition represent the
moderate weather conditions in which the temperatures
was neither low nor high) are modified. They also showed
that the O, concentration in the urban area increases due
to the urban land-surface forcing. Chun and Guldmann
[12] estimated the land surface temperatures from satellite
images and developed a 3-D city model with LiDAR
data. Their results show that solar radiation, open spaces,
vegetation, building roof-top areas, and water strongly
impact surface temperatures. They concluded that LST
can cause a rise in temperatures, which in turn leads to
the increased demand of electricity for air conditioning
and thus can raise pollution from power plants as well
as greenhouse gas emissions. It is therefore important to
investigate the LST for a country like the Kingdom of
Saudi Arabia (KSA), where urban growth has been an
increasing trend since 1990. Thus wide spatial coverage
of the surface temperature of a particular region in order to
understand regional environmental and climatic dynamics
is essential.

Typically, temperatures are measured at weather stations
(point measurements) with very limited spatial coverage
as well as limitations in terms of installation at appropriate
aerial and surface remoteness. Thus, a point measurement
of surface temperature may not be a good representation
of spatial temperature pattern of any particular region.
During the last few decades, satellite remote sensing has
proven its major role in understanding the atmospheric
and surface features due to several advantages over
traditional measurements, including extensive global
coverage and reasonable spatial and temporal resolutions.
Many satellite systems, e.g., the advanced very high
resolution radiometer (AVHRR) on the National Oceanic
and Atmospheric Administration (NOAA) and moderate
resolution imaging spectroradiometer (MODIS) onboard
Terra and Aqua have been used to study the land surface
temperatures in different parts of the world [13]. Thus
the advantage of information at high spatial and temporal
resolution and on the global scale has attracted many

researchers to use satellite data for the retrieval of land
surface temperature.

MODIS onboard Aqua and Terra can provide global
daily estimates of 1 km surface skin temperature,
commonly known as land surface temperature (LST) [14-
17]. MODIS LST is derived from the thermal infrared
signal received by the sensor that is a combination of
radiant temperature of the land surface and the prevailing
atmosphere. It is also important to note that land surface
emits radiance differently across the thermal spectrum,
which mainly depends on its spectral emissivity [18].
Moreover, intervening atmospheric effects may attenuate
the radiant energy signal. The MODIS LST retrieval
algorithm uses the split window technique to correct the
effects of atmosphere in the LST retrieves. This approach
uses two thermal bands to capture the signal in the same
area of surface to correct LST measurements [19-21].
Thus, different thermal signals can be captured in the same
area that is caused by differential absorption of radiation
in the atmosphere [22-23]. It is pertinent to mention here
that the split-window algorithm used for MODIS data
also corrects for emissivity effects by estimating the
emissivities in bands 31 and 32 from land cover types [24].

Many studies have used MODIS day and night LST
in different regions across the globe and agreed that
nighttime LST can be a good alternate of minimum
temperature [25-26]. For example, Vancutsem et al. [14]
used MODIS night LST over different ecosystems in
Africa to estimate minimum temperature. They estimated
minimum temperature with root mean square error
(RMSE) ranging from 2.1°C to 2.76°C for all the stations
in the study area. Similarly, Fu et al. [27] showed that a
linear relationship exists between MODIS nighttime LST
and daily minimum temperature with RMSE ranging from
1.77°C to 2.78°C for an alpine meadow located on the
Tibetan Plateau.

The current study investigates the MODIS LST
onboard both Terra and Aqua satellite systems. The main
objective of the present work is to explore the effectiveness
of satellite-based LST over Jeddah as well as to compare
the resultant LST both from Terra and Aqua satellites.
For this, the monthly products of day- and nighttime
MODIS LST (Aqua and Terra) are used. In addition,
surface maximum and minimum temperature of Jeddah
is obtained from the General Authority of Meteorology
and Environmental Protection (GAMEP), KSA. Finally,
the resultant LST trend is analyzed in terms of population
growth and urban sprawl in the city. It is envisaged that the
outcome of the current study will be very useful for policy
makers and decision makers for KSA urban development.

Experimental
Study Area
Jeddah city, the area of study in this research, is shown

in Fig. 1. Overall the city has an arid climate, which retains
its warm temperature in winter, ranging from 15°C (59°F)
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Fig. 1. Location map of King Abdul Aziz International Airport weather station, Jeddah, Saudi Arabia.

at night to 25°C (77°F) in the afternoon, while in summer
temperatures range from 43°C (109°F) in the afternoon
and dropping to 30°C (86°F) in the evening. In winter
heavy thunderstorms are common with several notable
incidents of hail. However, rainfall is generally sparse and
occurs in small amounts in November and December. The
major development of Jeddah started between 1948 to
1956, when it started to serve as KSA's principal port and
current population of the city is approximately 3.58 million
[28]. Due to a rapid increase in population, the city has
undergone continuous growth of the man-made structures
as well as many other population-related features. These
planned and unplanned urban developments consequently
have an immense impact on LST.

Ground Station Data

GAMEP is responsible for storing and delivering
meteorological data in KSA. GAMEP has a permanent
ground station at Jeddah International airport to record and
retrieve daily meteorological data. Thus daily maximum
and minimum temperature of Jeddah airport station
for the study period (2000-14) were obtained from the
GAMEP. The station temperature data is recorded as per
World Meteorological Organization (WMO) standards,
that is at a height of 1.5 m and at an interval of 10 minutes.
As a preliminary quality control, the station temperature
data (both daily maximum and minimum) is manually
inspected. Outliers and missing values are identified
through the Grubbs method [29-30] using statistical
Minitab software and are removed from the data series.
There were no gaps in the temperature data collected from
the GAMEP. Further data homogeneity was checked by
using RHtestV3 (climdex.org). In homogeneity there
was no daily maximum and minimum temperature data.
Then the daily data is averaged on monthly and annual

bases for further analysis. Since another objective of the
current study is to analyze LST in the scenario of urban
development in Jeddah, the population density adjusted
with UN 2000 census data was also downloaded from
NASA’s Socioeconomic Data and Application Centre
(SEDAC; sedac.ciesin.columbia.edu/data/set/grump-v1-
settlement-points/data-download).

MODIS Land Surface Temperature

For gridded analysis, MODIS data was acquired from
the United States Geological Survey (USGS) for the
study period (2000-14). The data is freely available from
the Land Processes Distributed Active Archive Centre
(LPDAAC) [31]. The MODIS sensor is onboard Aqua
and Terra spacecraft, ensuring the availability of data day
and night. Aqua daytime and nighttime data are available
around 13:00 and 03:00 local time, respectively, while
Terra daytime and nighttime data are available at around
10:30 and 00:00 local time, respectively. Two MODIS LST
products were used in the present work: Aqua MODIS LST
(MOD11C3) and Terra MODIS LST (MYD11C3). Both
products have spatial resolution of 1 x 1 km over the study
area. These products have been used in previous studies
to estimate air temperature [14, 25-26]. The MODIS
LST is derived from two thermal IR bands, 31 (10.78-
11.28 pm) and 32 (11.77-12.27 pum), both of which are
used to compensate the effect of atmospheric attenuations
in LST. In this study, LST retrieved from daytime passes
of the Aqua and Terra satellite systems are considered to
be aligned with maximum station temperature records
while the minimum station temperature is aligned with
the LST retrieved from nighttime passes of Aqua and
Terra satellite systems. Correlation coefficient (CC) was
employed in order to determine the reliability of satellite
data with respect to Jeddah station data.



1464

Assiri M.E.

Based on 15 years of MODIS Terra and Aqua satellite

Results and Discussion

data, monthly, seasonal, and annual correlations with
Jeddah meteorological station are analyzed in this section.

Comparison of the Monthly Temperature

Fig. 2 highlights the monthly day (night) time LST
obtained from MODIS onboard Aqua and Terra satellite
systems compared with the monthly averages of maximum
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Fig. 2. Monthly plots of Aqua and Terra daytime LST with maximum temperature at Jeddah Station for a period of 15 years (2000-14).
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(minimum) temperature recorded at Jeddah airport
weather station. It is clear from Figs 2 and 3 that both
Terra and Aqua show strong equivalency with monthly
averages of maximum and minimum temperatures. In
addition, the MODIS nighttime LST shows a better

equivalency with monthly minimum temperature (with
the exception of September and October, when it shows
a weak relationship) as compared with MODIS daytime
LST with maximum temperature. The reason for this is
the effect of solar insolation that can change the value
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Fig. 3. Monthly plots of Aqua and Terra nighttime LST with minimum temperature at Jeddah Station for a period of 15 years (2000-14).
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of daytime LST due to reemitted long-wave radiation
[15]. However, in the absence of solar radiation at night,
the relationship between nighttime LST and minimum
temperature at Jeddah airport weather station is strong.
Thus, the values of daytime LST are normally higher than
nighttime LST. Similar results of daytime LST have been
reported by other studies conducted in different regions
[14-15, 17]. Nevertheless, there is a strong agreement
in the pattern between the satellite-based monthly day-
and nighttime estimated LST values with station-based
monthly averages of maximum and minimum temperature
recorded at Jeddah airport weather station.

Correlation coefficient values between MODIS Terra
and Aqua day and nighttime LST and the observed
maximum and minimum temperature at Jeddah airport
station are given in Table 1. The maximum temperature
(daytime pass) values show a correlation coefficient
between 0.15 in July to 0.84 in October for the Terra
satellite system (Table 1). The correlation between
Terra daytime LST and observed maximum temperature
averages are strongly significant for most months (with
p-values < 0.03), except for the month of May (p-value
= 0.07) having moderate significance, and the months
of January (p-value = 0.1) and October (p-value = 0.98)
having weak significance. On the other hand, the Terra
nighttime LST is significantly correlated with observed
minimum temperature averages for April, May, July,
August, September, October, and November, whereas the
non-significant correlation has been noticed in January,
February, March, June, and December (Table 1).

The estimates of the maximum temperature by the
Aqua satellite system gives a correlation coefficient
between 0.02 (April) to 0.74 (March). Furthermore, only
January, March, October, November, and December show
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Fig. 4. CC between daytime LST (Aqua and Terra) with
maximum temperature for a period of 15 years (2000-14).

a correlation coefficient over 0.5 (Table 1). The strong
significant correlations between Aqua daytime LST and
maximum observed temperature averages are noticed
clearly with p-value less than equal to 0.03 for six months
(February, April, May, June, October, and November),
while a moderate correlation is observed for the months of
August and September (p-value = 0.4). For the remaining
four months (p-value > 0.1) a weak correlation is evident
(Table 1). For the minimum temperature (nighttime
pass), it is shown in Table 1 that the values of correlation
coefficient vary between 0.53 (August) to 0.90 (March)
for Aqua. The minimum temperature estimated by Aqua
shows only four months (April, August, October, and
November) with p-value of less than or equal to 0.05.
However, the significance of the correlations between
Aqua nighttime LST and minimum observed temperature
averages is not clearly notable as compared to Terra (both
day and night).

Table 1. Values of CC and its statistical significance for Terra and Aqua LST and station data for a period of 15 years (2000-14).

Terra Aqua
Months Day Night Day Night
cC p-Value CC p-Value CcC p-Value CcC p-Value
Jan 0.72 0.1 0.80 0.32 0.68 0.13 0.79 0.82
Feb 0.18 0.00 0.78 0.38 0.08 0.00 0.74 0.24
Mar 0.77 0.00 0.86 0.97 0.74 0.47 0.90 0.40
Apr 0.24 0.00 0.46 0.00 0.02 0.03 0.59 0.04
May 0.33 0.07 0.76 0.05 0.49 0.01 0.62 0.46
June 0.23 0.00 0.81 0.87 0.13 0.03 0.88 0.07
Jul 0.15 0.00 0.12 0.02 0.48 0.10 0.57 0.37
Aug 0.25 0.00 0.64 0.01 0.30 0.04 0.53 0.05
Sep 0.53 0.00 0.43 0.01 0.45 0.04 0.65 0.08
Oct 0.84 0.98 0.73 0.04 0.54 0.00 0.83 0.01
Nov 0.67 0.03 0.69 0.01 0.61 0.03 0.78 0.00
Dec 0.60 0.00 0.74 0.74 0.65 0.23 0.65 0.65




Assessing MODIS Land Surface Temperature...

1,00 - Correlation between night time (Terra and Aqua) Temperatures

and Tmin at Jeddah Airport
0,90 -|

0,80 - s

_______

\
\
\
\
\
0,70 -| \
\
1
\
\
\
\

e”

Correlation Coefficient
o o o o
w B w [o2)
o o o o
L L L L

o

[N]

o
L

------ Terra LST (Night)
Aqua LST (Night)

o
[
S

"
<
<

0,00 T T T T T T T T T T T |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 5. CC between nighttime LST (Aqua and Terra) with
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The correlation coefficient between daytime LST
(from both Terra and Aqua) and maximum temperature
averages recorded at Jeddah airport station is illustrated
in Fig. 4. The daytime LST of both Aqua and Terra (Terra
being strongly correlated as compared with Aqua) show
consistent behavior for the period between September
and June. Similarly, the pattern of the correlation
coefficient between nighttime LST (from both Terra and
Aqua) is shown in Fig. 5, which clearly indicates that of
the nighttime LSTs of both Aqua and Terra, Aqua gives
better estimates as compared with Terra, and shows a
consistent pattern for most months. These results are very
encouraging and could drive the use of satellite-based LST
for environmental research as well as for climate models.

Comparison of Seasonal Temperatures

A seasonal comparison between Terra and Aqua LST
is also performed in this study. Four seasons have been
defined: winter (December-February), spring (March-
May), summer (June-August), and autumn (September-
November). Table 2 gives winter, spring, summer, and
autumn correlation coefficient values of maximum and
minimum of seasonal averages for Jeddah airport station,
and day- and nighttime LST retrieved from both Terra and
Aqua satellite systems. The correlation coefficient values
range between 0.28 and 0.91. The lowest correlation
coefficient values are noticed for daytime LST of summer,
both for Aqua (0.36) and Terra (0.28) satellite estimates,
which are agreed to the monthly analysis for summer
months. The strongest correlation (0.91) is seen in the
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Fig. 6. Seasonal values of CC between day and nighttime LST
(Aqua and Terra) with maximum and minimum temperatures for
a period of 15 years (2000-14).

autumn result for Aqua day and night LST, while for
Terra day and night LST the strongest correlation is seen
in autumn (0.91) and spring (0.9) seasons, respectively.
Table 2 shows that both systems perform well for all
seasons except maximum seasonal summer temperatures.

The overall seasonal trend of correlation values
between satellite-based LST and ground-based temperature
seasonal averages are depicted in Fig. 6. It is clear that the
performance of retrieving minimum seasonal temperature
is better than the maximum seasonal temperature using
both satellites. In other words, estimating nighttime
seasonal averages of LST shows the strongest correlation
with their peers observed at Jeddah airport station for all
seasons. However, the value of correlation coefficient
between maximum seasonal averages and daytime LST
values retrieved from both Terra and Aqua systems are
significantly low except in the spring season. This clearly

indicates the daytime effect of temperature on satellite
data retrieval.

Comparing Annual Temperatures

The annual averages of maximum and minimum
temperature have been derived from ground-based data
and satellite data for the entire study period (2000-14).
The comparison analysis (correlation coefficient) between
Terra and Aqua day- and nighttime LST averages and
ground-based maximum and minimum temperature
averages has been carried out and are shown in Table 3. It
can be seen clearly that the correlation coefficient varies
between 0.82 (lowest) and 0.99 (highest). Both the lowest

Table 2. Seasonal values of CC for Aqua and Terra LST and maximum and minimum temperatures for a period of 15 years (2000-14).

Winter Correlation Spring Correlation Summer Correlation Autumn Correlation
Aqua Day LST 0.62 0.86 0.36 0.91
Aqua Night LST 0.80 0.88 0.84 0.91
Terra Day LST 0.69 0.87 0.28 091
Terra Night LST 0.83 0.90 0.78 0.87
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Table 3. Annual values of CC for Aqua and Terra LST and
maximum and minimum temperatures for a period of 15 years
(2000-14).

Year Aqua Day | Aqua Night | Terra Day | Terra Night
LST LST LST LST
2000 0.87 0.83
2001 0.91 0.98
2002 0.99 0.96 0.94 0.98
2003 0.93 0.93 0.93 0.98
2004 0.96 0.93 0.96 0.95
2005 0.96 0.95 0.95 0.96
2006 0.89 0.94 0.91 0.95
2007 0.95 0.92 0.92 0.96
2008 0.97 0.94 0.95 0.93
2009 0.91 0.92 0.88 0.96
2010 0.82 0.93 0.84 0.93
2011 0.96 0.87 0.94 0.96
2012 0.95 0.96 0.93 0.97
2013 0.94 0.96 0.94 0.95
2014 0.93 0.95 0.95 0.95

and highest correlation coefficients are found between the
maximum annual average and daytime LST estimated
from Aqua for the 2010 and 2002, respectively. Terra,
however, shows the minimum correlation coefficient
(0.83) for the nighttime LST values for 2000 while the
maximum value of correlation (0.98) is also noticed for
the nighttime LST values, but for multiple years, that is
2001, 2002, and 2003.

The overall seasonal trend of correlation values
between satellite-based (Aqua and Terra) LST and
ground-based temperature (recorded at Jeddah airport
station) values are highlighted in Fig. 7. It is evident that
correlation coefficient between ground-based minimum
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Fig. 7. Annual values of CC between day and nighttime LST
(Aqua and Terra) with maximum and minimum temperatures for
the study period (2000-14).

temperature and nighttime LST from both Terra and
Aqua systems is moderately high and consistent for the
study period (2000-14). The result of increasing trends of
nighttime LST and minimum temperature are reported in
previous studies [32]. However, the values of correlation
coefficient between maximum temperature recorded at
Jeddah airport station and daytime LST values retrieved
from both Terra and Aqua are unstable. This clearly
indicates the daytime effect of temperature on satellite
data retrieval. Furthermore, it is evident from the results
that both Terra day- and nighttime LSTs have very strong
correlations with maximum and minimum temperatures at
an annual scale (Table 3).

Analysis between LST and Urban
Development

Finally, analyses were also performed between LST
and urbanization. In the past few years, studies [e.g., 2,
4] have suggested that the LST is mainly affected by
urbanization. Saudi Arabia, being the largest country in
the Middle East, is no exception since as of 2014 more
than 85% of the total population of the country resides
in urban areas. Jeddah, the second largest city of KSA,
has been undergoing immense urbanization during the last
two decades. This essentially has increased the population
of the city from approximately 2 million in 1990 to 3.97
million in 2014 [33]. The urban development of Jeddah
has been analyzed using Landsat satellite data. For this,
data from the thematic mapper (TM) onboard Landsat 5
for 1984 and 2013 have been downloaded from the USGS.
Image processing software ERDAS Imagine version 9.0
is used to apply supervised classification by defining
signatures on the basis of the principal component
analysis (PCA), normalized difference vegetation index
(NDVI), and visual interpretation. PCA and NDVI are
used to extract specific training sites for various land use
land cover classes (vegetation cover, urban area, bare soil,
water body, rock, structure, and sand), while the maximum
likelihood supervised classification technique is used to
extract land use land cover information. The results of the
analysis show that, in Jeddah between 1984 and 2013:

— Vegetation cover has increased from 1.74% to 2.61%.
— Urban area has increased from 16.05% to 21.65%.

— Bare soil has increased from 52.81 % to 56.50%.

— Water body has decreased from 1.23% to 0.75%.

— Rock area has decreased from 14.23% to 7.63%.

— Concrete structure has decreased from 13.74% to

10.69%.

— Sand area has decreased from 0.19% to 0.15%.

These results clearly indicate urban growth in Jeddah
during the past three decades. The analysis of the station
data from Jeddah airport shows that the average annual
temperature of the city has increased from 28.62°C in
1980 to 29.86°C in 2014. Similarly, MODIS LST data
analysis shows an increasing trend from 32.33°C for 2000
to 32.59°C for 2014. Although this is a minor increase in
LST, considering the 14 years of MODIS data this change
can easily be associated with urbanization in the city.
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Conclusions

The current study was designed to analyze LST for
2000 to 2014 from MODIS onboard Aqua and Terra
satellites, over Jeddah, Saudi Arabia. Statistical methods
were employed to obtain the correlation coefficient
between MODIS (Aqua and Terra) LST and the maximum
and minimum temperatures obtained from Jeddah airport
weather station. Overall, results of the current study
show that MODIS (Aqua and Terra) nighttime LST
has consistent and high correlations with station-based
minimum temperature as compared to daytime LST.
In addition, the results of the annual study clearly show
(Table 3) that MODIS nighttime LST is highly correlated
with ground-based minimum temperature (0.93 for Aqua
and 0.85 for Terra) as compared to daytime LST (0.40
for Aqua and 0.52 for Terra). A similar trend can also be
seen from the results of monthly analysis (Figs 2 and 3),
where MODIS nighttime LST is highly correlated with
ground-based minimum temperature as compared to
daytime LST.

However, an analysis of seasonal results (Table 2)
shows that, apart from expected high correlation between
MODIS nighttime LST and minimum ground temperature,
the impact of extreme weather is also very important. For
example, MODIS (Aqua and Terra) LST (day and night)
is highly correlated with ground temperature for autumn
and spring as compared to summer and winter. It is
therefore concluded that MODIS onboard both Aqua and
Terra systems is competent enough to estimate LST over
the study area. In addition, the MODIS nighttime LST
(Aqua being better than Terra) estimation is better than the
daytime LST (Terra being better than Aqua) estimation.
Thus, satellite-based LST (MODIS Aqua and Terra) has a
great potential to represent ground station data over Jeddah,
Saudi Arabia. Furthermore, the increasing trend in urban
population has an essential impact on LST apart from other
important environmental concerns. It is therefore very
important to monitor the LST in order to better understand
the local as well as regional environmental issues.
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