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Abstract—Thermal infrared (TIR) remote sensing is an im-
portant technology for detecting geothermal anomalies. However,
detection results have been found to have a certain dependency
on the distribution of ground objects and imaging conditions at
different times, and pseudo-anomalous areas are easily extracted.
To solve this problem, a new geothermal anomaly detection method
is proposed in this article and implemented in the Jiaonan uplift
in the Yishu fault zone. A temperature inversion experiment is
carried out on TIR remote sensing images based on the radiation
transfer equation. Then, a gradient operator is used to extract high-
temperature regions in various periods, and geothermal anomaly
areas are selected through the spatio-temporal analysis method
proposed in this article after excluding the influence of impervious
surfaces, water bodies, and vegetation. The temperature anomaly
points, which are all high-temperature points in each inversion
result and geothermal anomaly areas extracted by the proposed
method, are compared with the five geothermal anomaly points,
which are determined based on 150 geothermal wells and the
geological structure in the study area. The spatial locations of the
temperature anomaly points and geothermal anomaly areas are
close to those of the geothermal anomaly points. Compared with
the mean grad method, the proposed method is found to effectively
delete some pseudo-anomaly areas under the premise of ensuring
the extraction accuracy of geothermal anomaly areas.

Index Terms—Geothermal anomaly, temperature inversion,
thermal infrared remote sensing data.

I. INTRODUCTION

G EOTHERMAL energy is the energy contained in the
earth’s interior in the form of heat. Compared with tra-

ditional fossil fuel energy, it has the advantages of being re-
newable and widely distributed and having rich reserves and a
low cost per unit. It has now become a major energy source
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for life on earth [1], [2]. Combined with the local geological
structure, the groundwater temperature in geothermal wells is
used to determine the geothermal anomaly areas in traditional
geothermal detection methods. This method is a destructive way
to detect geothermal anomaly areas, and it is limited to inferring
all geothermal anomaly areas by using local temperature points
[3], [4]. As a unique tool, thermal infrared (TIR) remote sensing
has been gradually applied to geothermal detection due to its
advantages of synchronous observations over large areas, con-
venient data acquisition, and low experimental cost [5]–[7].

Land surface temperature (LST) is important indirect evi-
dence of geothermal anomalies [8]. TIR remote sensing surveys
can detect very small temperature anomalies ranging from 0.05
to 0.5°C within a range of hundreds of square kilometers [9].
Therefore, based on the excellent performance of TIR remote
sensing for surface temperature detection, this method can be
used to detect geothermal and inverse temperatures [7], [8], [10]–
[15]. Among these literature, most studies determine geothermal
anomaly areas by combining LST inversed from signal-temporal
satellite data and local geological structure or other geological
data [9], [16]–[20]. To obtain more accurate geothermal anomaly
areas, unmanned aerial vehicles (UAVs) replace satellites as
a new means to collect higher resolution surface temperature
data and have achieved good experimental results [21]–[23].
When the LST inversion algorithm is used to detect geother-
mal anomaly areas, many factors will affect the accuracy of
geothermal detection. To ensure the extraction of geothermal
anomaly areas, scholars adopt a variety of methods to eliminate
pseudo-anomalies, including using night remote sensing data
[24] and thermal inertia correction [6] and considering ground
objects and topographic factors [25].

Geothermal energy, excluding the case of overexploitation
by humans, should be relatively stable; that is, it can persist
for a long time. Multitemporal remote sensing images can
be used for geothermal anomaly detection by choosing stable
high-temperature areas as geothermal anomaly areas so that the
geothermal determination results based on multitemporal TIR
remote sensing data are more reliable and better conform to
geothermal characteristics than those based on single-temporal
TIR remote sensing data. Some scholars use multitemporal
TIR remote sensing data for geothermal anomaly detection and
geothermal research. Among these approaches, the main method
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uses the multitemporal LST inversion results and the geological
structure in the study area for analysis to obtain the geother-
mal anomaly area [26], [27]. However, this method does not
make full use of multitemporal TIR remote sensing image data
and does not have a specific process for extracting geothermal
anomaly areas. At the same time, some scholars proposed other
geothermal anomaly extraction algorithms based on multitem-
poral remote sensing data, including the clustering [28], the
multitemporal mean method [29], and the mean grad method
[30]. However, most of the current methods have difficulty
deleting unstable geothermal anomalies and pseudo-anomaly
areas.

Based on the above content, this article proposes a method
for geothermal detection based on spatio-temporal analysis
can effectively eliminate unstable geothermal anomalies and
pseudo-anomaly areas during the geothermal extraction process.
This algorithm is easy to implement and understand to detect
geothermal anomaly areas based on multitemporal remote sens-
ing data. The algorithm is based on multitemporal Landsat 8
remote sensing satellite images for temperature inversion. After
excluding the influence of impervious surfaces, water bodies and
vegetation, the areas with high-temperature anomalies at all-time
points are selected as the geothermal anomaly areas through
regional superposition. In this article, the method is applied to the
Jiaonan uplift area in the Yishu fault zone and compared with the
mean grad method. The geothermal anomaly area is delineated
based on the proposed method, and the results are verified by
combining the temperature anomaly points determined based on
visual interpretation and the geothermal anomaly points based
on field experiments. Finally, we analyze the geological structure
of the region, explain the formation of the geothermal anomalies
and compare the results with those of another method.

The remainder of this article is organized as follows. The
Section II introduces the research area of this article. Section III
introduces the experimental data and the experimental process
of geothermal anomaly extraction. Section IV is the detailed
operational process of the experimental results. Section V is a
discussion of the experimental results, and the finally, Section VI
summarizes this article.

II. STUDY AREA

The Yishu fault zone is part of the Tanlu fault zone that passes
through Shandong. It is also the section where the tectonic profile
is best exposed and the neotectonic activity is the strongest.
During its long-term activity, the main section has exhibited
different mechanical properties. The early extensional activity
formed a wide fracture zone and triggered Cretaceous volcanic
eruptions and fault depression. The Mesozoic was an important
turning point in the history of the geological development of
the Yishu fault zone. Due to the intensified activity of the
Yishu rift, a small amount of diorite porphyrite was emplaced
along the fault, which triggered volcanic activity and formed
a large area of andesite coverage. By the Late Cretaceous, the
activity tended to stop. Since the Cenozoic and Tertiary, the
Yishu fault zone has shown strong compression and formed a
series of compressive structures. The main section is subjected

to mechanical compression and torsion, and its hydrogeological
properties show both water resistance and heat insulation [7],
[31], [32]. The Yishu fault consists of four main fault zones. On
both sides of each main fault, there are multiple near-parallel
secondary faults of different sizes that form fault bundles, which
together form the complex Yishu fault zone. At present, many
geothermal resources have been discovered in the Jiaonan uplift
area within the Yishu fault zone. However, due to long-term over-
exploitation, geothermal resources are on the verge of exhaus-
tion. Studying the spatial distribution of geothermal resources
in the subregions of the Jiaonan uplift, delineating the scope
of geothermal anomaly areas, and evaluating the reserves of
geothermal resources are of great significance for the rational
development of geothermal resources in the region.

The research area of this experiment is located in the Jiaonan
uplift area of the Yishu fault zone, which is found in Rizhao city.
The extreme geographic coordinates are 35°22′58′′∼35°51′48′′

north latitude and 119°03′53′′∼119°33′31′′ east longitude, and
the area is approximately 1161 km2. The terrain of the study area
is high in the middle and low on all sides, slightly inclined to the
southeast, and distributed among mountains, hills, and plains.
Fig. 1 shows the approximate geographical location of the study
area.

III. MATERIALS AND METHODS

A. Materials

1) Primary Data: In this study, we used standard terrain cor-
rection (Level 1T) data from the Operational Land Imager (OLI),
a nine-channel push-broom sensor with a spatial resolution of
30 m (15 m for panchromatic channel 8), and a single scene size
of 185 × 180 km, which matches the second global reference
system [33], [34].

2) Secondary Data: In this experiment, relevant regional
data such as the water system, settlements, and infrastructure of
the study area were collected, as shown in Fig. 2. By considering
the geographical factors and geological structure in the study
area, 150 geothermal wells were established for delineation of
geothermal anomaly areas. The geothermal gradient contour
map of the study area is drawn based on the above geothermal
wells and is shown in Fig. 3. Geothermal areas generally occur
in places with high temperature gradients and extend along the
direction of faults. Based on the above characteristics, we chose
five geothermal anomaly points after a comprehensive analysis
of the geothermal gradient contour map and geological struc-
ture. The specific geographical distribution of the geothermal
anomaly points is shown in Fig. 3.

B. Methods

This study is divided into four main parts. First, the remote
sensing data are preprocessed, mainly for radiometric calibration
and atmospheric correction of the Landsat 8 remote sensing
images. The second step is to retrieve the temperature of the
study area based on the radiative transfer equation using Landsat
8 multitemporal TIR remote sensing images. The third step
is to classify the research area to eliminate the influence of
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Fig. 1. Geographical location map of the study area.

Fig. 2. Locations of settlements, mountains, roads, water systems, and
infrastructure in the study area.

impervious surfaces such as buildings, roads, and water bodies
on the extraction of geothermal anomaly areas. Finally, the
temperature anomaly points and geothermal anomaly areas are
delineated according to the distribution of the surface features

Fig. 3. Geothermal gradient contour map of the study area.

and long-term temperature inversion results. The specific exper-
imental flow chart for this study is shown in Fig. 4.

1) Image Preprocessing: The digital number (DN) obtained
by remote sensing images is not convenient for multitemporal
remote sensing image experiments, so it needs to be converted
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Fig. 4. General flowchart of the methods used in this study.

into absolute radiance according to radiometric calibration. The
Landsat 8 remote sensing images are calibrated in this article;
among them, the DN value is converted to a radiance value
according to (1)

Lλ = ML �Qcal +AL (1)

where Lλ is the spectral radiance [(W/(m2·sr µm)], Mλ is
the radiance multiplicative scaling factor, AL is the radiation
additive scaling factor, all of which were provided by the United
States Geological Survey, and Qcalis the DN value of each band
in the image.

Solar radiation is incident on the surface of the object in a
certain way through the atmosphere and then reflects back to
the sensor. Due to the influence of atmospheric aerosols, terrain,
and nearby features, the original image contains a combination
of information about the surface of the object, the atmosphere,
and the sun. If we want to understand the spectral properties of
an object’s surface, we must separate its reflection information
from the information about the atmosphere and the sun, which
requires an atmospheric correction process to eliminate the influ-
ence of factors such as atmosphere and light on the reflection of
ground objects. In this article, the fast line-of-sight atmospheric
analysis of hypercubes model is used for atmospheric correction.

2) Surface Temperature Calculation: Common algorithms
for Landsat 8 temperature inversion include the mono-window
algorithm [35], split-window algorithm [36], and radiative trans-
fer equation [37]. Experiments show that among the three meth-
ods, the experimental results obtained by using the radiative
transfer equation for temperature inversion are the most accurate
[38], [39]. The basic principle of the temperature inversion
method based on the radiative transfer equation is as follows:
the effect of thermal radiation of the earth’s surface atmosphere

is estimated first, and the influence of the satellite sensors minus
the amount of heat radiation observed and the surface thermal
radiation intensity is then subtracted. Combining these values,
the thermal radiation intensity is converted to the corresponding
surface temperature, and the experimental process is as follows.

i) Emissivity Calculation
Emissivity is an important parameter in the surface temper-

ature inversion process. In this article, the surface emissivity is
derived by calculating the value of the normalized difference
vegetation index (NDVI) [40]. Equation (2) is used to compute
the NDVI from the atmosphere-corrected red reflectance (ρred)
and near-infrared reflectance (ρnir) from the OLI data. Vege-
tation coverage is an intermediate variable for calculating the
surface radiation ratio, and the calculation is via (3)

NDVI =
ρnir − ρred
ρnir + ρred

(2)

Pv =

(
NDVI−NDVIs
NDVIv −NDVIs

)2
(3)

where NDVIs is the NDVI value of the pixel completely covered
by bare land and NDVIv represents the NDVI value of the pixel
completely covered by vegetation, that is, the NDVI value of
the pure vegetation pixel. We take NDVIv as 0.65 and NDVIs
as 0.2; that is, when the NDVI of a pixel is greater than 0.60,
the Pv value is 1, and its surface emissivity is 0.99; if the NDVI
of a pixel is less than 0.05, the Pv value is 0, and its surface
reflectivity is 0.97 [40]; when the NDVI of a pixel is between
0.05 and 0.60, the Pv value is calculated by (3), and the surface
reflectivity can be obtained according to (4) [41]

ε = 0.004× Pv + 0.986. (4)
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ii) Land Surface Temperature Calculation
Based on the radiative transfer equation [38], the TIR radiance

value LZ received by the satellite sensor is divided into three
parts: the energy of the upward radiant brightness of the atmo-
sphere, the energy of the true radiance of the ground reaching
the satellite sensor after passing through the atmosphere, and
the downward radiant energy of the atmosphere. The energy
is reflected in the sensor after radiation reaches the ground.
Equation (5) is used to calculate the TIR radiance value received
by the satellite sensor

LZ = [εB(TS) + (1− ε)Ld]τ + LU (5)

where TS represents the real surface temperature (K), B(TS)
is the blackbody radiation, and τ is the transmittance of the TIR
band, which can be obtained from the NASA website1 together
with LU and Ld. Equations. (6) and (7) are used for measuring
TS

B (TS) = [LZ − LU − τ(1− ε)Ld]/τε (6)

TS = K2/In(K1/B (TS) + 1) (7)

where K1 = 774.89 W/(m2 um sr) and K2 = 1321.08 K.
3) Classification: There are many sources of abnormal tem-

peratures that can interfere with the thermal anomalies caused
by faults and fractures. Such variations are always caused by the
distribution of surface features in the study area; for example, the
temperature of a water body is lower than that of bare land, so it is
easy to regard areas around water bodies as temperature anoma-
lies when identifying temperature anomaly areas. Constructing
geothermal wells near water bodies is not easy under normal
circumstances; thus, verifying whether the area around water
body represents a geothermal anomaly is difficult. Therefore, in
this experiment, water bodies are directly excluded. In general,
the temperature of the impervious surface of buildings and roads
is higher than that of bare land, and the reason for this differ-
ence is only that the reflectances of impervious surfaces and
bare land are different, which is called an artificial geothermal
phenomenon. In the experiment, impervious surfaces also need
to be removed to decrease error.

In this study, the normalized difference water index (NDWI)
and normalized difference built-up index (NDBI) are used to
obtain relevant greyscale images of water bodies and impervious
surfaces in the study area. OLI Bands 4 (ρred) and 5 (ρnir)
are used in (8) to calculate NDWI; OLI Bands 7 (ρmir) and
5 (ρnir) are used in (9) to calculate the NDBI. After obtaining
the greyscale images of water bodies and buildings, the adaptive
threshold method is used to set appropriate thresholds, and water
bodies and buildings in the study area are then extracted[42]

NDWI =
ρGreen − ρNir

ρGreen + ρNir
(8)

NDBI =
ρMir − ρNir

ρMir + ρNir
. (9)

When the threshold method is used to extract impervious
surfaces in the research area, some impervious surfaces may be

1Online. [Available]: http://atmcorr.gsfc.nasa.gov/

missed. Therefore, visual interpretation is necessary after using
the NDBI to extract buildings to reduce the impact of buildings.

In addition to water bodies and impervious surfaces, vegeta-
tion and soil are the main ground features in the study area. Vege-
tation coverage and sun exposure will interfere with the detection
of geothermal anomaly areas [19], [43], and it is difficult to
distinguish between vegetation and soil using existing methods.
To avoid the difficulty of distinguishing between vegetation and
soil, this article chooses autumn and winter Landsat 8 remote
sensing image data. During this period, the vegetation in the
study area is sparse, and the sun is relatively weak, which not
only solves the problem of indistinguishability between vegeta-
tion and soil but also reduces the error in detecting geothermal
anomalies caused by the sun.

4) Extraction of Geothermal Anomaly Areas: Features in
the study area are classified based on a previous step to obtain
the distribution of features. The regions of impervious surfaces
and water bodies are removed from the temperature inversion
results of each period, and the gradient operator is then used to
process each temperature inversion result to obtain the tempera-
ture anomaly areas at each time. In this article, spatio-temporal
analysis is used for geothermal anomaly detection. The temper-
ature anomaly areas at a certain time are selected as the prelimi-
nary geothermal anomaly areas, and the preliminary geothermal
anomaly areas are spatially superimposed with the temperature
anomaly areas at another time. If the subregions overlap, they
are merged as a new geothermal anomaly area; otherwise, the
temperature anomaly subarea is deleted. Through the above
operation, this method can eliminate the pseudo-anomaly areas
caused by the distribution of ground objects and some unstable
geothermal anomaly regions. The purpose of this method is to
extract the geothermal anomaly regions that are characterized by
high-temperature anomalies in each period. The flow diagram is
shown in Fig. 5. This process is repeated until the temperature
anomaly areas of all the remaining periods are traversed, and the
final geothermal anomaly areas are obtained.

IV. EXPERIMENT

A. Satellite Image Preprocessing

The remote sensing images selected in this experiment are
the Landsat 8 remote sensing images in row 120 and column 35
taken on December 1, 2013; April 24, 2014; November 8, 2014;
March 31, 2017; and February 1, 2019. Radiation calibration
and atmospheric correction are carried out on Landsat 8 remote
sensing images at various time points, and the DN value of each
band is converted into a radiation value. The bands are Band
3 (green), Band 4 (red), Band 5 (NIR), Band 7 (mid-infrared,
MIR), and Band 10 (TIR), which are needed in the next experi-
ment. The remote sensing images of each period are clipped to
obtain the images of the research area at each time point.

B. Temperature Inversion Results

According to the above steps of LST calculation, the temper-
ature results for the five study periods can be obtained as shown
in Fig. 6.

http://atmcorr.gsfc.nasa.gov/
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Fig. 5. Schematic diagram of the selection of abnormal geothermal areas.

Fig. 6. Temperature inversion results for each period. (a) Inversion results for December 1, 2013. (b) Inversion results for April 24, 2014.

Fig. 6 shows that the temperature fluctuation range at each
time point is relatively large. The minimum temperature differ-
ence for February 1, 2019, is 16.4°C. On April 24, 2012, the
temperature difference in the study area is the largest, reaching
20.9°C. The main high-temperature regions of the study area,
which are mostly residential areas, are distributed in the south-
west according to the temperature inversion results for the above
five time points. The subhigh-temperature regions are mainly
distributed in the plains and mountainous areas of the study area.
The regions with the lowest temperatures are mostly located in
water bodies and valleys. The main reason is that mountains

receive more solar radiation than other regions, while valleys not
only receive less solar radiation but also are affected by shadows.
Therefore, the inversion temperature of mountains and plains are
higher than those of valleys.

Comparing panels in Fig. 6(a)–(d) shows that the inversion
results in Fig. 6(b) and (d) are generally higher than those
in Fig. 6(a) and (c). The main reason is that the period of
Fig. 6(b) and (d) is spring, but Fig. 6(a) and (c) represent
late autumn and winter, which is in line with the local climate
characteristics. Temperature anomaly regions in Fig. 6(a) and (e)
show similar distributions, with the same characteristics as those
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Fig. 6. (Continued) Temperature inversion results for each period. (c) Inver-
sion results for November 8, 2014. (d) Inversion results for March 31, 2017.
(e) Inversion results for February 1, 2019 (°C).

Fig. 7. True-color image of the study area on February 1, 2019.

in Fig. 6(b) and (d). The leading reason for this phenomenon
is seasonal influence, which again demonstrates the flaw when
using single-temporal data for geothermal exploration and the
need for multitemporal TIR remote sensing data.

From Fig. 6(e), we can observe that the inversion results for
temperature in this period are generally lower than those in other
periods. Searching the local historical weather reveals that there
was heavy snow in the study area in January 2019 and that snow
remained in the study area until February 1, as shown in Fig. 7,
thus leading to the inversion results shown in Fig. 6.

C. Classification in the Study Area

Considering the imaging quality of remote sensing images
at different time points, this article uses remote sensing im-
ages from March 31, 2017, and divides the ground objects in
the image into three categories according to the classification
method mentioned above: bare ground, impervious surfaces,
and water bodies. After the extraction of water bodies and
impervious surfaces using the NDWI and NDBI, impervious
surfaces are further eliminated by visual discrimination to reduce
the influence of ground objects on the extraction of geothermal
anomaly areas. The results are shown in Fig. 8(b). In Fig. 8, four
typical small areas with impervious surfaces and water bodies
are selected. Comparing the true-color image in Fig. 8(a) and
the classification results in Fig. 8(b), the next step can be done
under the condition that no obvious water bodies and impervious
surfaces have missed detection.

D. Extraction of Abnormal Geothermal Areas Based on the
Proposed Method

After completing the temperature inversion work and re-
moving the influence of water bodies and impervious surfaces,
the locations that have high temperatures at each time point
are selected as the temperature anomaly points. In total, seven
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Fig. 8. Classification experiment. (a) True-color image of the study area on
March 31, 2017. (b) Classification results of the study area.

temperature anomaly points are selected. The specific geograph-
ical distribution is shown in Fig. 9. The green dots are five
geothermal anomalies selected based on 150 geothermal wells
combined with the local geological structure, and the yellow
dots are temperature anomaly points. Comparing the locations of
temperature anomaly points with those of geothermal anomaly
points reveals that the distributions between them are relatively
close. Two areas are delineated in Fig. 9. In these two areas,

Fig. 9. Locations of the geothermal anomaly points and temperature anomaly
points.

the temperature anomaly points and the geothermal anomaly
points have the most similar distributions. The distance between
temperature anomaly point P7 and geothermal anomaly point Q5
is less than 2.5 km, which is a very short distance considering
the size of the study area and the geothermal characteristics.

Based on the proposed method, the Canny edge detector is
used to extract the temperature anomaly areas in each period,
and the areas are superimposed to obtain the geothermal anomaly
areas based on the proposed method. The spatial locations of the
thermal anomaly areas are shown in Fig. 10.

Fig. 10 shows that most of the temperature anomaly points
and geothermal anomaly points are located inside or near the
geothermal anomaly areas detected based on the proposed
method, including temperature anomaly points P1, P3, P4, P5,
and P6 and geothermal anomaly points Q1 and Q4.

V. DISCUSSION

A. Geological Structural Analysis of the Study Area

Under the action of the north-northeast (NNE)-trending prin-
cipal compressive stress in North China, the Yishu fault zone,
and nearby fault zones are all NNE-trending faults. The faults
in other directions are mostly secondary faults related to the
activity of the Yishu fault zone, which is characterized by dextral
strike-slip movement. Since the start of the Quaternary, the
study area has entered a period of neotectonic activity, and
several active faults have appeared. Fragmentation and fault
gouge/active faults have developed on each of the main faults,
although there are still partially inactive sections.

New and old strata and old structures can be cut by new struc-
tural faults because of the times of formation. New structures



4874 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

Fig. 10. Locations of the geothermal anomaly areas.

Fig. 11. Vertical distribution of new faults.

are generally unconsolidated and have good opening properties,
which provide favourable conditions for surface water infiltra-
tion and replenishment. Fig. 11 shows the vertical zoning of
the neotectonic fault zone. The upper part of the new fault is
a densely structured joint zone or a weathered zone of joint
fissures. The area is dense with joints and strong weathering.
The groundwater is mainly characterized by vertical movement.
The middle part is the main part, which is the main fault zone or
cavity fissure zone. This zone is the most water-rich section of
the fault zone; it has the most water and the best water quality.

Fig. 12. Distribution of the major faults in the study area.

It is also the best spatial section for well drilling. The lower
part is the closed fissure zone or fissure. In the lower part, the
confining pressure in this area increases, the fissures are slowly
closed, the groundwater flow rate is slow, the salinity is high,
and the fissures are filled.

The NNE-trending faults in the study area are mainly
compressional-torsional faults. There is thick fault mud in the
middle of the section, which plays a role in blocking water.
However, rock fragmentation zones are present on both sides of
the section with gaps in the middle, and the water can move.

B. Interpretation of Geothermal Anomaly Areas

Synthesizing the geological structure in the study area leads to
concluding that the main underground activity of groundwater
in the study area is as follows. As the aboveground water moves
down along the cracks of the new fault zone, the geothermal
flow in the deep crust heats the water. As the gaps decrease, the
flow direction of the water begins to change from vertical to hor-
izontal. When water flows horizontally to the middle mud zone
of the NNE-trending fault zone, the flow of water is blocked,
and water can move only along the cracks beside the fault zone
until it encounters a new vertical fault. The water then moves
upwards with heat, so geothermal anomalies can be detected,
forming a geothermal anomaly consistent with the trend of the
fault zone. Therefore, the main NNE-trending fault in the study
area plays a role in controlling heat. At the same time, most of
the northwest-, northeast-, and nearly east-west-trending faults
are tensile-torsional faults. The rocks in the belt are extensively
broken, and structural breccias and structural lenses, which play
a role in water conduction, have developed.

Comparing Figs. 10 with 12, we find that except for part of
the geothermal anomaly areas along the fault zone, the rest of
the geothermal anomaly areas are mainly distributed in various
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mountainous areas, as most of the rocks on the mountains of
the study area are volcanic rocks, while the main rock type on
the plains is clastic sedimentary rock. As clastic rock is less
dense than volcanic rock, there are many gaps filled with air.
Moreover, the thermal conductivity of air is much lower than
that of rock. Therefore, volcanic rock can conduct heat energy
in the deep layers of the earth’s crust better than clastic rock, and
many geothermal anomalies are detected in mountainous areas.

In summary, three typical geothermal anomaly areas are se-
lected as examples to analyze the geothermal anomaly areas
in Fig. 12. Among these areas, there are many faults in area
1, and the geothermal trend along the main fault zone in this
area is NNE. There are fewer faults in area 2 than in area
1, but the former is still interpreted as a geothermal anomaly
area, mainly because there are more mountains in area 2. The
thermal conductivity of the rocks in the mountains is higher
than that of the rocks in the plains. Some detected geothermal
anomaly areas need to be analysed in combination with these
two situations. For example, in area 3, although the geothermal
anomaly area is in the fault zone, its trend, which is mainly along
the mountainous terrain, is not completely consistent with that
of the fault zone. The geothermal anomaly area is dominated by
the thermal conductivity of volcanic rocks.

Fig. 12 shows not only the spatial distribution of most of the
geothermal anomaly areas in the study area along the local fault
zones and mountains but also the distribution of the abnormal
temperature points (P1, P5, P6, and P7) judged by visual inter-
pretation, which also have the same geographic trend (NNE) as
the local fault zone; thus, the geothermal anomaly area in the
study area is affected by the trend of the main fault zone.

Fig. 12 shows that the high-value region in the northern
region of the study area is not detected by the proposed method.
Comparing Figs. 12 with 3, we find that there are few geothermal
wells in the region. The main reason for this poor experimental
result may be the inaccurate gradient caused by the shortage of
inversion data in this region. Combining this information with
the subsequent comparative experiments, we find that the results
of the mean gradient method are similar to those of the proposed
method.

C. Comparison With Other Methods

To demonstrate the reliability and superiority of the experi-
mental results of the proposed method, a comparison is made
with the mean grad method, which is a classic method used for
studying surface TIR radiation. The method first calculates the
mean values of all temperature inversion results and then de-
termines the maximum absolute difference value between each
point and adjacent pixels. To reduce the influence of impervious
surfaces and water on geothermal detection based on the mean
grad method, we remove impervious surfaces and water bodies
in the result shown in Fig. 13(a). Based on the principle of the
average gradient algorithm, the hotter the color is in the image,
the more likely it is to be a geothermal anomaly. Fig. 13(a) shows
that most geothermal anomaly points and temperature anomaly
points are in the high-value area.

The comparison with the proposed method is shown in
Fig. 13(b). We find that the geothermal anomaly area based on

Fig. 13. Results of the comparative experiment. (a) Experimental results of
the mean grad method. (b) Comparison with the proposed method.

the proposed method covers most of the anomaly areas extracted
based on the mean grad method and is mainly distributed in
high-value areas of the mean grad method, which again man-
ifests the dependability of the proposed method. Comparing
Figs. 13(b) and 12, we immediately observe that the geothermal
anomaly areas extracted from the mean grad method are more
extensive than those based on the proposed method. The main
reason of this phenomenon is that the proposed method deletes
some anomaly areas that are not stable at a particular time. The
proposed method can not only delete some unstable geothermal
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anomaly areas but also eliminate some pseudo-anomaly areas,
which is shown in Fig. 13(b). Therefore, we conclude that the
proposed method can effectively delete some pseudo-anomaly
areas under the premise of ensuring the extraction accuracy of
geothermal anomaly areas.

It can also be seen that the distribution of high-temperature
anomaly areas from the temperature inversion experiment for in-
dividual time points is different from that obtained by analysing
the temperature inversion diagrams of each period in Fig. 6.
Thus, there is a certain contingency to detecting geothermal
anomalies using TIR remote sensing images for individual time
points, and the geothermal anomaly areas extracted based on the
spatio-temporal analysis method are more convincing.

D. Challenges of the Proposed Method

Extracting geothermal anomaly areas using TIR remote sens-
ing data is not easy because there are many external interference
factors in the extraction process. In this article, we mainly
consider the influence of the distribution of features. In addition
to the impact of features, many other factors influence the results.
For example, solar radiation heats the ground. Therefore, the re-
sult of temperature inversion based on daytime data cannot show
the geothermal distribution. This is why previous researchers
used night-time data. From this article, we can also find that the
terrain plays a negative role in the results. In the next study, we
will attempt to use night-time TIR remote sensing data to extract
geothermal anomaly areas while eliminating the influence of
terrain.

VI. CONCLUSION

In this study, multitemporal Landsat 8 remote sensing images
are used to detect geothermal anomaly areas in the Jiaonan uplift
in the Yishu fault zone. This article uses multitemporal TIR
remote sensing images to carry out LST inversion experiments
in the study area. After excluding the impact of impervious
surfaces, water, and vegetation on the detection of geothermal
anomaly areas, the locations of temperature anomaly points and
geothermal anomaly points are similar.

Based on the analysis of the geothermal anomaly areas ob-
tained by the method proposed in this study, the main reason
behind this similarity is that the NNE-trending faults in the
study area have heat control properties. Therefore, in subsequent
geothermal exploration work, the main exploration area can be
located near the NNE-trending fault zone within the region,
providing a direction for future geothermal research in the
region.

Compared with other methods, the remote sensing detection
method combined with temporal and spatial analysis not only
can rapidly achieve geothermal detection over a wide range but
also yields more reliable experimental results than geothermal
anomaly detection methods using individual time points. In addi-
tion, the proposed method can delete some unstable geothermal
anomaly areas and pseudo-anomaly areas without reducing the
accuracy of extracting geothermal anomaly areas. In summary,
the spatio-temporal analysis method is more effective and faster

than traditional geological methods for geothermal anomaly
detection and saves considerable time and labour costs.
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