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Thermal anomaly detection related to strong earthquakes is one of the earthquake precursors extensively
investigated by researchers. In this research, Bve years (March 16th to May 16th, every year from 2009 to
2013) of Land Surface Temperature (LST) data products, obtained from satellite data (MODIS-Aqua),
and meteorological data (air and soil temperature), using three-dimensional time series method, have
been analyzed to characterize the thermal anomalies related to the Saravan earthquake (April 16th, 2013,
Mw = 7.8). The results indicate that the thermal anomalies were observed in the time period before and
after the earthquake. In the LST time–space–temperature coordinates, the thermal anomaly pattern was
seen before the Saravan earthquake. In the Kriging surfaces of the air temperature and the difference
between the LST and air temperature (DT), considerable changes were seen a few days before the
earthquake until a few days after it. In addition, the soil temperature time–space–temperature coordinates show changes (increase) a few days after the Saravan earthquake. Therefore, the obtained results
suggest that these changes (thermal anomalies) are related to the earthquake and can be expressed as an
earthquake predictor.
Keywords. Earthquake precursor; thermal anomaly; time series; land surface temperature;
meteorological data; Iran.

1. Introduction
Earthquake is one of the most devastating natural
disasters that sometimes occurs without any warning, although some earthquakes are accompanied by
some changes. Such changes occurring before or
during an earthquake on lithosphere, atmosphere
and ionosphere are known as earthquake precursory
(Molchanov and Hayakawa 2008).
A wide range of predictors including variations
in seismicity patterns, ground deformations (uplift

and tilt), ion clouds, thermal changes, electromagnetic anomalies, and Total Electron Content
(TEC) have been witnessed before major earthquakes (e.g., Pulinets 1997; Cicerone et al. 2009;
Crockett and Gillmore 2010; Guangmeng and Jie
2013; Li and Parrot 2013; Eleftheriou et al. 2016).
Theoretically, all the mechanical energy stored
in the crust is not released during an earthquake,
but some of it is transformed into other forms of
energy (e.g., electrical energy and thermal energy)
(Freund 2003).
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There are different theories accounting for
thermal anomalies before an earthquake, including
the emission of gas from the ground (Qiang et al.
1997, 1999; Freund 2009), changes in underground
water levels (Asteriadis and Livieratos 1989; ZiQi
et al. 2002), and the ionization of the air by radon
(Pulinets et al. 2006). However, factors other than
an earthquake can cause anomalies in satellite
images. These factors include surface spectral
emissivity, atmospheric spectral transmittance,
surface temperature (spatial and temporal changes), and observational conditions (temporal variations of satellite zenithal angle), etc. (Tramutoli
et al. 2015).
In addition, thermal patterns may be related to
certain processes including the earth’s motion relative to the sun, climatic, atmospheric and physical
factors, topography, geological layers, and the
presence of water and plants (Pavlidou 2013).
These thermal patterns are expressed as normal
thermal proBles.
Determining the characteristics of thermal
anomalies before an earthquake is of great importance, and it should be distinguishable from
the expected normal form (Chandola et al. 2009).
The Brst study on thermal anomalies, using satellite images before an earthquake, was conducted by
Gorny et al. (1988). After that, many studies with
improved earthquake’s data (with wide range of
magnitudes (from 4.0 to 7.9)) obtained from different satellite sensors (AVHRR/NOAA, etc.) and
methods in various geological settings across the
world have conBrmed a strong relationship
between thermal anomalies and the occurrence of
earthquakes (e.g., Qiang et al. 1997; Tronin et al.
2002, 2004; Di Bello et al. 2004; Corrado et al. 2005;
Aliano et al. 2008; Saraf et al. 2009; Tramutoli
et al. 2015; Eleftheriou et al. 2016; Khalili et al.
2019; Saber Mahani and Khalili 2019). Thermal
anomalies have been identiBed not only before the
occurrence of an earthquake but also in the phase
of seismic and aftershocks. These can be used as a
predictor in short-term prediction studies.
In addition, some researchers were comprised the
meteorological and satellite data in order to
investigate the relationship between thermal
anomalies and the occurrence of earthquakes, e.g.,
Prigent et al. (2003), Choudhury et al. (2006), and
Mildrexler et al. (2011).
The main aim of this research is to investigate
the existence of thermal anomalies related to the
Saravan earthquake using a three-dimensional time
series method and LST data obtained from MODIS
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satellite (March 16th to May 16th, every year from
2009–2013). Furthermore, using air and soil temperature data taken from meteorological stations
in the same time period (March 16th to May 16th,
every year from 2009 to 2013), thermal anomalies
related to the earthquake were analyzed and
compared with the satellite data.
2. Case study region
According to the Dobrovolsky et al. (1979) formula
(equations 1 and 2), earthquakes with magnitudes
greater than 4 on the Richter scale occur within a
given distance from thermal anomalies. Estimation
of deformation and tilting of the earth’s surface is
considered as a function of the earthquake’s magnitude (M) and the distance from the earthquake’s
epicenter (D). It is assumed that the area aAected
by deformation is a circle whose center is the
earthquake’s epicenter. The radius of the circle
(RD) is estimated as the strain radius.
RD ¼ 100:43M km;

ð1Þ

150  D  RD:

ð2Þ

Based on the formula, the study area with
26°300 –29°300 N latitude and 60°300 –63°300 E longitude was selected. The study area center is being
the Saravan earthquake (Bgure 1). This region is
located partly in the southeast of Iran, the Makran
zone (Zamani et al. 2011), and partly in the
Balochistan province of Pakistan (Bgure 1).
Tectonics and seismotectonics of the Makran
zone are discussed by some researchers and identiBed as an active subduction zone, e.g., Quittmeyer and Jacob (1979), Schluter et al. (2002),
Vernant et al. (2004), Haghipour et al. (2012),
Barnhart et al. (2014), and Abedi and Bahroudi
(2016).
The main seismotectonic features of the region
are the Saravan Fault, Mashkel Fault, and Lagdasht Fault (Bgure 1). Based on seismic hazard
zonation, this region has a low level of hazard for
the future occurrence of a number of earthquakes
with Mb C 4.5 Richter (Zamani et al. 2012; Khalili
and Zamani 2016).
The study area is a mountainous area with no
significant agricultural land (the presence of plants
may change the temperature in a region). The
weather condition of the region based on De Martonne climate type is dry (Tabari et al. 2014).
According to Rashki (2012), and Iran Meteorological
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Figure 1. The study area map indicates the locations of the main faults and the meteorological stations.

Organization data, the studied area has suffered from
drought (very low humidity) from 2000 to 2018. In
addition, no major Bres have been reported in the
region during the time of the study (2009 up to 2013).
Therefore, at the time of the study, there was no
important source of thermal anomalies available.
3. Method and data
3.1 Time series method
In time series, the signal of anomalous events and
their sequences can be identiBed and compared
with normal time series. The identiBcation of
anomaly is done by tracing part of the data that
have deviated from normal behavior. The boundary between normal and abnormal behavior is not
always clear, and the normal pattern is not always
stable and may evolve. In addition, abnormal
behavior processes may be correlated with each
other.
There are numerous methods to identify an
anomaly in time series, including sequences,
Markov, and hidden window based techniques.
Before applying any method, a transformation,
which improves the eDciency of anomaly identiBcation in time series, may be performed. The

transformations including aggregation (replacing
the values of a set by their mean), discretization
(sequencing continuous small values as discrete
values), processing of signals (Fourier transform
wavelet), and decreasing the dimensions of a series.
In this study, after the pre-processing and
normalization of the data, the three research
approaches are used to visualize and analyze the
thermal patterns (Bgure 2). The Brst ones aim to
diagnose land surface temperature anomalies in
space–time. The second approach is used to diagnose thermal anomaly, using the difference
between LST and air temperature ‘DT’. This difference is explained by Sulce (2013) as follows
(equation 3):
DT ¼ TL  TA ;

ð3Þ

where TL is the average LST in an area of 4 km2
around the meteorological station and TA is the
air temperature recorded in the meteorological
station.
The third approach is used to investigate soil
temperature changes in time and space. Therefore,
a system of time–space–temperature coordinates
(3D diagram) was deBned as an interpolated level
(using an ordinary Kriging interpolation method)
in order to investigate thermal anomaly pattern in
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Figure 2. The Cowchart of the methodology.

terms of time ‘t’ (the day of the earthquake) and
location ‘d’ (distance from the epicenter of the
earthquake). Temperature is automatically related
to place and can be interpolated through the
location.
When, data from a complete space coordinate
system, such as the coordinate system of satellite
imagery transfer to the time–space system, some
information about the location may be lost.
Therefore, to preserve the maximum geographical
area in the satellite image, the study area was
divided into two parts, the north, and the south
areas. The stations located in the north of the
earthquake’s epicenter, are valued as positive on
the diagram and the stations located in the south of
the epicenter, are valued as negative (Sulce 2013).
The diagrams show seasonal temperature patterns
in different areas.
3.2 Kriging interpolation method
Kriging is an interpolation method which is derived
from regionalized variable theory (Oliver and
Webster 1990). In this method, the value of a
function at a given point, predicts by computing a
weighted average of the known values in the
neighborhood of the point. One of the most commonly used Kriging methods is ordinary Kriging
method. The major characteristic of ordinary
Kriging is that it not only provides estimations

with the minimum error but also predicts the error
amounts.
3.3 Land surface temperature (LST)
Thermal remote sensing is a branch of remote
sensing science that is concerned with processing
and interpreting data and images obtained from
one or more channels within Thermal Infra-Red
(TIR) (8–14 lm) satellite imagery and electromagnetic (EM) spectrum. In thermal remote
sensing, the radiation emitted from the surface of
the phenomenon is measured (Alavipanah et al.
2017).
The LST satellite data are less inCuenced
by atmospheric water vapor variability. Therefore, the use of LST data instead of TIR radiances at the sensor was proposed by Lisi et al.
(2015).
The unusual increase in Land Surface Temperature (LST) has an important role in thermal
anomalies detection a few days before and after
major earthquakes. Numerous reports from various parts of the world have indicated an increase
in land surface temperature (2–4°) during the
time period 2–10 days before the earthquake and
a few days after it in areas hit by an earthquake
(near faults or tens to thousands of kilometers
away from the earthquake’s epicenter) (Pavlidou
2013).
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In this study, satellite images (the LST products
generated by NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua (collection
5.1, (MYD11-L2A) with 1 km of spatial resolution)) for the time period from 2009 to 2013 (March
16th to May 16th) at the same night-time
(20.300 –22.300 GMT) were continuously used to
determine changes in the LST. The remote sensing
air temperature estimates are strongly inCuenced
by errors on LST retrievals. Therefore, it is
important to eliminate low-quality data. The reliability of the LST data is determined by the
quality Cags. Based on the quality Cags, the pixels
Cagged with Average Emissivity Error \ 0.04, and
[0.02 or LST Error[3 K, were eliminated (Benali
et al. 2012).
Images with more than 80% Nan-data are
excluded from the study (because these images did
not capture part of the area or the pixels were
cloudy). In order to reduce seasonal and sun light
eAects, night-time images for each month were
used. In this research, only cloud-free pixels of each
scene of the same data set were processed.
The images were generalized using the splitwindow algorithm to recover the LST data (Wan
2006). The function of this algorithm is to optimize
LST data and eliminate its atmospheric eAects,
based on the differential absorption in adjacent
infrared bands (Wan and Dozier 1996). The data
are calibrated in terms of geographic location,
cloud cover, atmospheric proBle, land cover, and
snow (Wan 2008). LST products are less aAected
by atmospheric water vapor variability (Lisi et al.
2015).
The LST data have been validated with in-situ
measurements in the temperature range from
–10°C to 58°C in more than 50 clear sky cases
(Wan 2006) by the data providers.

in good synoptic and even cloudy conditions, a
difference in temperature of 2.9 K, can be observed
before an earthquake (Prigent et al. 2003; Mildrexler et al. 2011).
In this research, the meteorological data
including daily night-time air temperature, at a
distance of 2 m above ground level, were taken
from synoptic meteorological stations. The data
were collected from all existence meteorological
stations, spread through the study area (5 stations
in Iran, and 2 stations in Pakistan) from the same
period of time as in the case of LST satellite images
(March 16th to May 16th, every year from 2009 to
2013).
In addition, ascending transfer of gases from the
earth’s surface through very Bne pores (Saraf et al.
2009) and an increase in water level in wells due
to an increase in ground temperature before an
earthquake (Ouzounov et al. 2006) are among
phenomena which are claimed to increase the
temperature in the earth’s surface and soil before
an earthquake.
In order to study thermal anomaly in soil before
the earthquake, the night-time soil temperature
from points as deep as 5 cm obtained from the
seven meteorological stations in the study area
were continuously taken in a time period from 2009
to 2013 (March 16th to May 16th).
The diurnal modeling of air temperature (105
synoptic stations in Iran during the years
2013–2014), in relation to the environmental variables like humidity, pressure, diurnal temperature
range, and wind speed was implemented and analyzed by Gholamnia et al. (2018). The results
indicate that the spatio-temporal behaviors of wind
and humidity, in the present study area, have a low
variation in the time of the study (March 16th to
May 16th).

3.4 Meteorological data

4. Results and discussion

The solar energy, which hits the surface of the earth,
warms the top shallow layer of the ground (3 cm).
Any source of heat under the ground can increase the
difference between the land surface temperature and
air temperature. This difference, which is at a minimum during the night, can be investigated in a
time–space series. In fact, at night-time, the LST is
very close to the air temperature and sometimes
below it (Mildrexler et al. 2011).
After deleting daily solar Cux variations in
relation to LST dataset and the air temperature,

4.1 Diagnosing thermal anomaly in the land
surface temperature
In this study, satellite images for the time period
from 2009 to 2013 (March 16th to May 16th) were
continuously used to determine changes in the LST.
After all of the images were pre-processed, the
average of the LST was extracted from all of the
images. Then a system of LST time–space–
temperature coordinates has been created to
investigate the LST thermal anomaly pattern in
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terms of time ‘t’ (the day of the earthquake), and
location ‘d’ (distance from the epicenter of the
earthquake). Temperature is automatically related
to place and can be interpolated through location
(Bgure 3). It should be mentioned that in all of the
graphs, days were represented on the horizontal
axis as time, and distance from the epicenter in
kilometer on the vertical axis.
As Bgure 3 shows, a warm pattern has emerged
in the dotted area, which shows thermal anomaly
before and after the earthquake. Although such
patterns, can be seen in the speciBed areas in other
years, the intensity and spread of the pattern in the
year 2013, is bigger than the corresponding period
in previous years, especially from April 12th to
16th. Moreover, in this year, the thermal pattern
outside the area has returned to its previous pattern, but, for example, in the year 2010, which was
generally a warmer year, this pattern has emerged
outside the area and continued.

4.2 Diagnosing thermal anomaly using
the difference between the land surface
temperature and air temperature
In this research, the night-time LST and the air
temperature, obtained from the seven meteorological stations that have sensors for measuring the
temperature at 2 m above the surface of the
ground, were used.
To illustrate thermal anomaly, it is necessary
to draw an anomaly on the three-dimensional
time–space coordinate system, where ‘t’ shows time
on the horizontal axis, ‘d’ shows the station’s distance from the epicenter of the earthquake on the
vertical axis, and ‘DT’ (equation 3) shows the
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difference between the LST and the air temperature in color as the Kriging surfaces in Bgure 4.
As can be seen in Bgure 4, there is a great
difference between the LST and the air temperature around the epicenter in the speciBed area, a
day before until a few days after the Saravan
earthquake.
By studying the LST and TA data for all the
time periods (March 16th to May 16th, from 2004
to 2013), it is revealed that both sets of data in the
time period of the earthquake (2013) show a higher
level in comparison with the other years, and this
large difference in DT during the year 2013 is
caused both by the high levels of LST and TA. The
fact is that the air temperature compared with the
LST was high during the whole period, and it is
possible that it is the air temperature that shows
thermal anomaly, not the LST and researchers
believe that air temperature can be introduced as
thermal anomaly precursory (Sulce 2013).
In order to investigate the reason for the high
level of DT and to test the hypothesis which indicate that the air temperature can be used as a
predictor, the air temperature data from all the
meteorological stations in the study area, (March
16th to May 16th, every year from 2009 to 2013) as
interpolated surfaces, are shown in a time–space
coordinate system (Bgure 5). A temperature
surface was generated using ordinary Kriging
interpolation method.
As Bgure 5 shows, a warm thermal pattern can
be seen in the dotted area, which shows thermal
anomaly before and after the earthquake.
Although, a similar thermal pattern is repeating in
all the periods, except in the year 2013, which the
highest amounts of temperature can be seen from
April 19th to 23rd, while it is at the lowest level for

Figure 3. A system of LST time–space–temperature coordinates; temperature is automatically related to place and can be
interpolated through the location. The region which is marked with black dots shows thermal anomalies.
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Figure 4. A system of the Kriging surfaces of the DT time–space–temperature coordinates; the temperature is automatically
related to place and can be interpolated through the location. The region which is marked with black dots shows thermal
anomalies.

Figure 5. A system of the Kriging surfaces of the air temperature (TA) time–space–temperature coordinates, temperature is
automatically related to place and can be interpolated through the location. The region which is marked with black dots shows
thermal anomalies.

the same time in the previous years. This indicates
that this pattern is a seasonal pattern, which has
also been repeated in the previous years and is
caused by a climate cycle. However, a considerable
change can be seen within the time period from
3 days before the earthquake until 10 days after it.
It can be related to the Saravan earthquake.

4.3 Investigating soil temperature changes
in time and space
In this research, to study thermal anomaly in soil
before the earthquake, the night-time soil temperature from points as deep as 5 cm obtained from
the seven meteorological stations in the study area
were continuously taken in a time period from 2009
to 2013 (March 16th to May 16th) and are

presented in the form of a time–space coordinate
system (Bgure 6).
The triple data of the station’s distance from the
earthquake’s epicenter, day, and soil temperature
‘TS’ for the seven meteorological stations were
extracted every day in a time period from 2009 to
2013 (March 16th to May 16th). Using the Kriging
interpolation between the temperatures of these
seven stations, the TS is obtained for the whole
area (Bgure 6).
A careful look at the speciBed area shows that
soil temperature at a depth of 5 cm is at higher
levels, especially from April 19th to 25th which is
the highest level, while the corresponding times in
the previous years show the lowest level. This leads
to the conclusion that the pattern for 2013 is a
seasonal pattern that has also been repeated in the
previous years and is caused by a climate cycle.
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Figure 6. A system of the soil temperature time–space–temperature coordinates, the temperature is automatically related to
place and can be interpolated through the location. The region which is marked with black dots shows thermal anomalies.

However, a considerable change from April 19th to
25th can be seen. This change does not follow the
pattern and can be related to the earthquake.
Generally, in the time series methods, thermal
anomalies can be seen in the time period of the
earthquake. These detected anomalies can be
expressed as thermal predictors of the earthquake.
The results of this research seem to be consistent
with those of Akhondzadeh’s (2014) and Khalili
et al. (2019).
Khalili et al. (2019) to characterize the thermal
anomalies related to the Saravan earthquake, a
10-year speciBc observation interval of LST data
(March 16th to May 16th, every year from 2004 to
2013) were analyzed using Robust Satellite Technique (RST) method. The results showed significant sequences of LST anomalies from several days
before and immediately after the Saravan earthquake. Therefore, the results conBrmed the existence of space–time thermal anomalies related to
destructive earthquakes.
5. Conclusion
In this study, the results of the application of the
time series method to Bve years of satellite data
(land surface temperature) and meteorological
data (air and soil temperature), were presented.
The Bnding indicates, thermal anomalies in the
time period before and after the earthquake, can be
seen in all of the mentioned data. In the LST
time–space–temperature coordinates, the thermal
anomaly pattern can be seen before the Saravan
earthquake, especially from April 12th to 16th.
In the Kriging surfaces of the air temperature and
the DT, considerable changes can be seen within
the time period from 2 days before the earthquake
to 10 days after it. The soil temperature

time–space–temperature coordinates, at the depth
of 5 cm, show thermal changes (increase) about
3 to 7 days after the Saravan earthquake. The
obtained results demonstrate that these changes do
not follow the seasonal patterns and are related to
the earthquake. Therefore, the results conBrmed
the existence of space–time thermal anomalies
related to destructive earthquakes.
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