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a b s t r a c t

The subsurface urban heat island (UHI) effect can provide latent clean geothermal potentials for cities.
Understanding the city-wide subsurface temperature evolution under different land surfaces is signifi-
cant in making better use of geothermal energy. This research presents a study of Nanjing to identify the
city-wide temperature distribution and evolution characteristics and further estimates the geothermal
potential in Nanjing. Low-cost satellite-measured temperatures were used to derive the subsurface
temperatures through a liner regression correction method, with higher accuracy verified by measured
borehole data. The simulation results indicate that the concrete surface exhibits higher average tem-
peratures than the grassland surface, resulting in relatively higher subsurface temperatures. The de-
viations of simulated subsurface temperatures are attributed to many factors, including the influence of
complex atmospheric conditions on satellite-measured temperature accuracy, land surface heat ab-
sorption, and infiltration in the shallower layer. Furthermore, it reveals that the urban areas have 14.7%
greater geothermal potential compared to rural areas, due to the subsurface UHI effect. This study
provides a potentially efficient and convenient method for the estimation of potential urban geothermal
energy.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Geothermal energy is anewtypeof renewable, effective, andclean
energy with great prospects for future development. The tempera-
ture difference between rural and urban areas, which is knownas the
urban heat island (UHI) effect, poses latent geothermal potential for
cities (Zhu et al., 2010; Bayer et al., 2019). Developed geothermal
energy, which provides heat for residential, commercial, and public
buildings, has been widely applied in many countries during cold
days (Lin et al., 2020; Bae and Nam, 2021). Thus, understanding soil
temperature evolution features and acquiring temperature distribu-
tionare significant tomakebetter useof theseheat sources. Theusage
of the convenient and low-cost satellite-measured temperatures can
help evaluate the city-scale geothermal capacity, which is beneficial
to the exploitation of the geothermal potential.
ock and Soil Mechanics, Chi-
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Previous research has contributed to a better understanding of
spatiotemporal features of ground temperature because of the
exploration of geothermal energy. The surface temperature typically
performs a sinusoidal curve throughout the year, and there is a lag
when the surface temperature transfers into the subsurface, so the
temperature amplitude dampens with increasing depth (Stallman,
1965; Taniguchi, 1993; Figura et al., 2015). The subsurface temper-
ature distribution in the shallow layer (about 200 m) generally
comprises three distinguished zones, which are the variant zone, the
constant zone, and the increased zone. Meanwhile, numerous
studies have examined the factors influencing the temperature
distribution, such as land covers, air temperature, weather, global
warming, and seasons (Popiel andWojtkowiak, 2013; Balugani et al.,
2017; Zou et al., 2021). For instance, Popiel and Wojtkowiak (2013)
compared the land cover effect on the temperature distribution
and discovered that the average surface temperature of lawns was
lower in summer and higher in winter compared with the bare
ground. In addition, groundwater significantly affects the subsurface
temperatures, with upward and downward-moving groundwater
changing the temperature-depth profiles (Taniguchi et al., 2005).
Groundwater types impact subsurface temperature as well
blished by Elsevier B.V. This is an open access article under the CC BY license (http://
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Fig. 1. Locations of the observation stations and the distribution of measurement
points.
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(Taniguchi et al., 2009; Epting and Huggenberger, 2013). As for the
geological structures, faults provide a good groundwater pathway
for heat circulation and promote the removal of heat flux (Mortimer
et al., 2011; Siler et al., 2019). Moreover, the mineral composition
affects thermal conductivity and heat capacity, including physical
characteristics, such as density, structure, particle size, and others
(Dong et al., 2015; Zhang et al., 2018).

Soil temperatures can be acquired from both field measure-
ments and numerical models. Various temperature sensors with an
accuracy of about 0.1 K are used to obtain temperature profiles.
However, these sensors can only be manually inserted into the
point and the spatial resolution is usually 2 m or even coarser
(Kurylyk et al., 2014a; Tissen et al., 2020). Conventional monitoring
of large-scale sites in the field is labor-intensive because of the
uneven temperature distribution, while the use of remote sensing
technologies has made large-scale temperature monitoring
possible (Yao et al., 2017; Li et al., 2019). Nonetheless, remote
sensing datasets can only detect surface temperatures as depth as
micrometers, and the precision of the temperature data is difficult
to guarantee compared with measured data (Benz et al., 2016; Li
and Zha, 2019). Furthermore, numerical models provide an
insight to investigate the thermal transferring process (Wang et al.,
2023). Numerical methods bring the advantage of predicting the
temperature distribution at any time and depth. Subsurface tem-
peratures have been modeled for many conditions, such as
analytical and numerical models (Lesperance et al., 2010; Kurylyk
et al., 2014b), empirical conduction-advection heat transport
equation (Rivera et al., 2015; Des Tombe et al., 2019), and some
statistical methods (Herb et al., 2008). Based on these methods,
multiple perspectives are presented to study the acquisition
method of ground temperatures under multi-factor conditions
(Ahmed et al., 2013; Alcaraz et al., 2016; Zhou et al., 2018a).

Ground source heat pump (GSHP) systems, which use renew-
able geothermal energy to provide heating for residential, com-
mercial, and public buildings, have been widely applied in many
countries (Lin et al., 2020; Bae and Nam, 2021). In addition, the
geothermal capacity can also be evaluated by using known tem-
perature distributions, which is beneficial for guiding and opti-
mizing the exploitation of geothermal potential.

Despite considerable efforts, obtaining temperature distribu-
tions of large-scale districts remains a big challenge because of the
complexity of the geological conditions, among other factors (Du
et al., 2016; Benz et al., 2018). Thermal remote sensing is an
effective means to cope with these difficulties and the produced
data has higher credibility (Ahmed et al., 2013). Benz et al. (2017)
established the approximate offset relationship between ten years
of mean shallow groundwater temperature and satellite-derived
land surface temperature by considering the influencing effects of
evaporation and snow cover. Zhan et al. (2014) designed a three-
time-scale model to derive soil temperatures, which performs
annual temperature, daily-averaged temperature, and diurnal
temperature variation features. However, the derived temperatures
seem not to reflect the actual surface temperatures due to in-
terferences of weather conditions while collecting data from sat-
ellite sensors (Zhou et al., 2018b). Additionally, soil properties of the
confining layers are not fully considered and the boundary condi-
tion is ideal in these methods. The empirical thermal conduction
equation provides support for predicting the temperature varia-
tions through some records of measured temperatures. Thus, the
temperatures and geothermal capacity can be estimated based on
some measured surface temperatures and other related variables.

Based on satellite-derived data and field-measured tempera-
tures, this study investigates the surface and subsurface temperature
distribution of Nanjing and develops a method to estimate subsur-
face temperatures. Different means were utilized to acquire surface
3610
temperatures and seasonal subsurface temperatures, which may
provide important data support for the analysis of temperature
distribution and effects. A linear regressionmodel was introduced to
correct Moderate Resolution Imaging Spectroradiometer (MODIS)
temperatures at sites with land coves of concrete and grassland in
Nanjing. Furthermore, the corrected surface temperatureswere used
as the top boundary condition to simulate subsurface temperatures.
Combined with the measured subsurface temperatures, the error
and influencing factors of the simulated subsurface temperatures
were discussed, including the MODIS data, land cover types, and
thermal parameters. Finally, the additional geothermal potential
resulting from subsurface UHI effects was evaluated.
2. Study area and methods

In this study, various temperature sensors including the
distributed temperature sensor (DTS), iButton, PT100, and thermal
remote sensing techniques are applied to acquire continuous sur-
face and seasonal subsurface temperature distribution, under pre-
viously established boreholes in Nanjing.
2.1. Study area and monitoring sites

Nanjing (32�030N, 118�460E) is located west of Shanghai, China.
It covers a total area of 6587.02 km2 and has a population of
approximately 9.3 million. Nanjing has a typical humid subtropical
climate and the four seasons are distinct. The mean annual air
temperature is 17.1 �C, and the mean annual precipitation is
1032.1 mm (China Meteorological Data Network, 2019). The
topography in Nanjing is relatively diverse, with hills, low moun-
tains, and valley plains. The geological structure is also complex
including obvious faults and folds in the area. Groundwater re-
sources are rich, with rivers and lakes accounting for 14.4% of the
total area, and the main rivers are the Yangtze River, Qinhuai River,
and Chu River.

Subsurface temperatures can be measured from some boreholes
at a depth of 80e100 m in the long-term observation stations of
Nanjing. The locations of these stations are illustrated in Fig. 1. The
water levels at these sites are between 2 m and 10 m below ground
level. The geological profiles of some representative drillings are
depicted in Fig. 2, the shallow subsurface (15e40 m) comprises
mostly silty clay andmudstone, and the deeper section (40e100m)
is moderately weathered siltstone and mudstone.



Fig. 2. Sectional histogram of some representative boreholes.
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2.2. Field monitoring

2.2.1. Ground surface temperature
Continuous surface temperatures can be recorded and stored at

a given time interval via the iButton. The iButton is a small button-
shaped sensor, which has a high precision in temperature moni-
toring (0.1 �C). It has amemory capacity of 64 KB, whichmay record
4096 temperature data points at a time. The recording interval was
set as 1 h, and therefore, it may record temperature data of
approximately 170 d. After setting up the sensors through the Enlog
software (V3.5.6), they are buried beside the boreholes, below the
surface at approximately 0.05 m depth.
2.2.2. Ground subsurface temperature
For subsurface temperature measurements, as shown in Fig. 3a

and b, DTS and PT100 were used. A double U-shaped tube was
buried in the borehole and the diameter of a single pipe was
25 mm. An optical fiber was placed in the pipe, and the continuous
borehole temperatures can be obtained at a spatial resolution of
0.4 m along the fiber using the DTS (Okazaki et al., 2021). As the
accuracy of PT100 decreases with wire length, PT100 is employed
to measure the ground temperature within 30 m and at an interval
of 1 m. The measurement precision of the DTS is 0.5 �C, while that
of PT100 is 0.1 �C. Therefore, the latter with a higher accuracy was
used to calibrate the temperatures acquired by the former.
Fig. 3. Field monitoring and instrument diagram: (a) represents the schematic diagram
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2.3. Satellite temperature data

To acquire large-scale surface temperatures conveniently, land
surface temperatures from the MODIS Collection-6 LST products
were downloaded from http://earthdata.nasa.gov/. Nanjing is
located at the tile of h28v05, and all the data of the sites were
extracted from the district. The spatial resolution of the data is
1 km� 1 km. The data includes the temperatures at approximately
10:30 and 13:30 during daytime (Terra data) and approximately
22:30 and 01:30 during nighttime (Aqua data), respectively for the
past ten years. Since satellite data can only be obtained under clear
weather conditions, there will be a lack of temperature data. The
S-G smoothing algorithm, a polynomial smoothing algorithm
based on the least square principle proposed by Savizkg and Golay
(Chen et al., 2004), has a higher reliability, thus it is applied to
complete the missing data in this paper (Cao et al., 2018; Huang
et al., 2020).

2.4. Calculation of subsurface temperatures

The in situ subsurface temperature monitoring process is usu-
ally very costly. Numerical simulations may provide the possibility
of large-scale field monitoring at less cost. Based on layered
thermal-physical features with the monitoring temperatures, a
rapid estimation of future changes in subsurface temperatures can
be realized. Here, the one-dimensional (1D) heat conduction
equation is applied to acquire the subsurface temperatures.
Because the permeability of the soil is small, thermal convection
due to the groundwater flow is not considered (Taniguchi, 1993). To
acquire the subsurface temperature variations and simplify the
calculation, the following assumptions are made: (1) each soil layer
is a homogeneous medium and isotropic; (2) groundwater flow is
neglected; and (3) thermal dispersion is ignored. The one-
dimensional thermal conduction can be expressed as (Stallman,
1965):

l
vT2

vz2
¼ cr

vT
vt

(1)

Initial condition:

Tðz; tÞjt¼0 ¼ Tðz;0Þ (2)

Boundary condition:

Tðz; tÞjz¼0 ¼ Tð0; tÞ; Tðz; tÞjz¼D ¼ T0 (3)
of temperature measurement, and (b) represents the DTS monitoring in the field.

http://earthdata.nasa.gov/
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where T is the temperature (�C); z is the position in the sub-
surface(m); t is the time (s); l is the bulk thermal conductivity of
the soil-water matrix (W(m �C)); and c and r represent the heat
capacity (J/(m3 k)) and density (kg/m3) of the soil-water matrix,
respectively. Numerical calculations were implemented in MATLAB
to obtain the finite-difference approximation. The boreholes SG39
and SG0 are chosen as the representative sites, with the land cover
types of grassland and concrete respectively. According to the
drilling cores, the tested thermal properties of sites SG39 and SG0
in the laboratory are shown in Table 1.

The derived surface temperatures of large areas from satellites
are applied as the boundary condition in the simulation. Since the
MODIS temperature is affected bymany factors, there is a difference
between satellite temperatures and measured surface tempera-
tures. Therefore, the top boundary temperatures are calculated
from the near-surface MODIS temperatures. The bottom boundary
has a constant temperature level at the depth of about 20 m, which
can be obtained from the annual measured temperatures of the
specific sites. The borehole consists of different layers, and the
layered thermal-physical parameters are listed in Table 1. Besides,
simulation time begins in July and ends in November and lasts for
about 3 months. The measured subsurface temperatures of the
boreholes in July are used as the initial condition. The calculating
space and time intervals are 0.4 m and 1 h respectively.
Table 2
Average values and amplitudes of air and surface temperatures.
2.5. Geothermal potential evaluation

To assess the geothermal potential, the theoretical geothermal
potential (TGP) is applied in this study, which reflects the heat
supply in theory under natural conditions. In this section, we aim to
evaluate the theoretical geothermal potential and identify the
additional geothermal energy generated as a result of the subsur-
face urban heat island effect. The theoretical geothermal potential
can be calculated by the following equations (Hemmerle et al.,
2022):

Q ¼ crdADT (4)

where Q represents the TGP (TJ); d represents the layer thickness
(m); DT is the temperature difference between local subsurface
temperature and natural background temperature of 10 �C; and A
represents the heat transfer area of the reservoir.
Borehole Land cover T0 (�C) jAj (�C)
Air e 17.5 12.2
SG09 1 18 10.3
SG33 1 19.8 10.3
SG44 1 19.8 9.4
SG0 1 21.8 11.5
SG27 2 17 10.6
SG49 2 17.2 8.7
SG28 2 17.3 10
SG14 2 17.5 8.8
SG26 2 17.6 7.9
SG39 2 18.9 10.7

Note: For the land cover, ‘1’ represents the residential and industrial districts, and ‘2’
3. Results

3.1. Surface temperatures from field-monitoring and MODIS

3.1.1. Monitoring surface temperatures
The ambient surface temperatures of several monitoring points

(SG0, SG09, SG14, SG26, SG27, SG28, SG33, SG39, SG44, SG49) were
acquired for a whole year. To reflect the relationship between air
and surface temperatures, the mean daily air temperatures are
loaded from https://data.cma.cn/. The results suggest that both the
Table 1
Thermo-physical properties of boreholes SG39 and SG0.

Borehole Depth (m) Thermal conductivity (W/(m �C

SG39 0e6 1.69
6e10 1.73
10e20 1.65

SG0 0e4 1.58
4e6 1.68
6e16 1.72
16e20 1.84
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air and surface temperature variations obey the feature of cosine
distribution approximately. To describe the characteristics of sur-
face temperatures and illustrate the relationship with the air
temperatures, the temperature variations are approximately
described by the harmonic function (Taylor and Stefan, 2009).
Based on the measured surface temperatures, the average tem-
perature T0 and temperature variation amplitude A (with 95%
confidence) throughout one year are given in Table 2.

As shown in Table 2, the average land surface temperatures are
between 17.2 �C and 22 �C and show big differences for different
sites. Air temperature variations are within the range of land sur-
face temperatures. The amplitudes of air temperatures are 0.75
�Ce4.5 �C higher than that of the surface temperatures. Addition-
ally, surface temperatures of residential and industrial districts are
generally higher than those of grassland and bare soil surface
temperatures.

3.1.2. MODIS temperatures from satellite measurements
To demonstrate the practicability of the MODIS temperatures,

comparisons between MODIS temperatures and the corresponding
iButton temperatures under concrete (SG0) and grassland (SG39)
surfaces from July 2019 to July 2020 are plotted in Fig. 4a and b,
respectively. From the results, a relatively significant relationship
between MODIS and measured temperatures can be observed,
which is described by the liner function.

Despite the difference between MODIS data and the measured
data, the significant linear correlation between the MODIS and
measured temperatures proves the reliability of the MODIS data
product. The corrected functions show that the slope values of the
two boreholes are similar, but the inception value of concrete is
larger than that of grassland. Additionally, the temperature differ-
ences between corrected and uncorrected MODIS data are described
in Fig. 5. The corrected temperatures are about �1 �C-1.5 �C and 1.5
�Ce3 �C higher than the uncorrected data for grassland and concrete
respectively, which also suggests that the difference between
measured and MODIS temperatures of concrete is larger than that of
grassland. For concrete, the temperature differences DT are larger
during warm days in comparison to the DT in cold days. For
)) Heat capacity (kJ/(kg K)) Density (103 kg/m3)

1.75 1.74
1.78 1.78
1.77 1.66
1.56 1.85
1.78 1.72
1.76 1.77
1.88 1.55

represents the agricultural and open districts and green parks.

https://data.cma.cn/


Fig. 4. (a) Correlation analysis of grassland between MODIS and iButton temperatures (SG39); and (b) Correlation analysis of concrete between MODIS and iButton temperatures
(SG0).

Fig. 5. Temperature difference DT before and after correcting MODIS temperatures for
grassland and concrete throughout a year.
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grassland, the corrected MODIS temperatures are higher than un-
corrected temperatures on warm days, while the situation is con-
trary on cold days. Above all, the MODIS temperatures are effective
in reflecting surface temperature distributions, and the precision of
the data may be improved by field monitoring temperatures.
3.2. Field-monitoring results from the boreholes

Subsurface temperatures of these sites (SG03, SG19, SG26, SG27,
SG39, SG45) were recorded through DTS in May 2019, August 2019,
November 2019, and January 2020, which represent the subsurface
temperature profiles in spring, summer, autumn, and winter. Some
temperature-depth profiles of several boreholes observed in four
seasons are depicted in Fig. 6. It can be seen that subsurface tem-
peratures fluctuate widely between 0 m and 15 m for the seasonal
variations. The depth range from 15 m to 20 m is usually regarded
as the constant temperature zone. In this study, the depth of 20m is
3613
regarded as the constant temperature-depth. Temperatures at 20m
below ground level of the districts are mostly concentrated in the
range from 17.5 �C to 18.5 �C. In the following section, themeasured
temperatures will help verify the proposed subsurface temperature
prediction model and evaluate shallow geothermal energy.

3.3. Comparison between measured and simulated subsurface
temperatures

Simulated subsurface temperatures based on Eqs. (1)e(3) and
measured subsurface temperatures at the same time are compared
in Fig. 7. The simulated temperatures have a large consistency with
the measured temperatures. The results indicate that the main dif-
ference between measured and simulated subsurface temperatures
lies in the shallow depth of 0e3 m, under which the errors are
mostly within 0.2 �C. Within the depth of 0e0.5 m, the near-surface
temperature error can reach amaximumof 2 �C.With the increase in
depth, the error keeps on a decreasing trend. Compared to the top
boundaries with uncorrected MODIS temperatures, the simulated
subsurface temperatures are closer to measured subsurface tem-
peratures by using the corrected MODIS temperatures as a top
boundary. The improved accuracy is different for grassland and
concrete. For concrete, within the depth of 0.4e5.2m, the accuracy of
the simulated temperatures increased by 0.1 �Ce3 �C.Meanwhile, for
the grassland, the accuracy increased by 0.1 �Ce0.2 �C at a depth of
0.4e3.6 m. Considering that the simulation time scale is relatively
small (3 months), the improvement will be greater while predicting
long-term temperature variations. Furthermore, by comparing sub-
surface temperatures under the two land surface types, subsurface
temperatures below concrete are 1 �Ce2.5 �C higher than subsurface
temperatures below grassland at a depth of 0.8e8.4 m, and it is 0.5
�Ce0.9 �C higher at a depth of 8.4e20 m. The difference reflects the
effects the land surface has on the subsurface temperature distri-
bution, to some extent. In conclusion, themethod has good accuracy,
which verifies the feasibility of the thermal conduction model.

3.4. Geothermal potential

According to the proposed TGP estimation method, the sub-
surface temperature variations throughout the whole year were
acquired by the corrected MODIS temperatures as the boundary



Fig. 6. Seasonal variations of subsurface temperatures at different sites; numbers represent the positions of boreholes.

Fig. 7. Measured and simulated subsurface temperatures under different top temperature boundaries: (a) represents the borehole SG0 (concrete), and (b) represents the borehole
SG39 (grassland).
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conditions. To evaluate the UHI effect on the geothermal perfor-
mance, boreholes SG0 and SG39 are selected to represent the
temperature profiles of urban and rural areas respectively. The
hourly temperature distributions them during the winter season
3614
(from December 1st to February 31st) are simulated, and the
average TGP at different depths can be calculated based on Eq. (4).

The accumulated TGP at the reservoir depth of urban and rural
areas is described in Fig. 8. At the same depth along the borehole,



Fig. 8. Urban and rural TGPs under grassland and concrete.
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there is an obvious difference between the urban and rural TGPs.
When it reaches 20 m, the TGP of urban areas is 14.7% more than
the TGP in rural areas, which suggests that the urban subsurface has
more geothermal potential compared with rural areas.

4. Discussion

4.1. Effects on the temperature distribution

The temperature profiles have many differences in Fig. 6, the
reasons can be attributed tomany aspects. Previous studies indicate
that temperatures are influenced by geological conditions, stratum
lithology, and groundwater flow (Taylor and Stefan, 2009; Szij�art�o
et al., 2019). In Fig. 6d, borehole SG27, which lies in the
geothermal anomaly area, has a geothermal gradient of 6.74 �C. The
drilling areas of SG03 and SG19 are both covered with thick un-
consolidated sediments (Fig. 2), including sandy, gravelly, and other
water-permeable soil layers. The two sites are close to surfacewater
flow, so subsurface temperatures are relatively lower than other
drillings (Fig. 6a and b). For borehole SG26, because of the existence
of marlstone and sandymudstone, karst water is widely distributed
(Fig. 6c), which causes unstable ground temperature distribution.
The results above suggest that the subsurface temperature varia-
tions are extremely complex under considerations of the geological
and hydrological conditions of local sites.

Land cover is another important factor causing the deviation of
the corrected model for surface temperatures. Surface tempera-
tures depend on the thermal absorption ability and specific heat
capacity of the land surface material (Taylor and Stefan, 2009).
Grassland has a higher specific heat capacity while it has less heat
absorption compared to concrete, so the surface temperatures of
grassland cover are relatively lower. Additionally, the derived
MODIS temperatures are close to the air temperatures (Roth et al.,
2007), and concrete surface temperatures are generally higher than
air temperatures (Table 1). Therefore, the surface temperatures of
concrete are corrected more (1.5 �Ce3 �C) than those of grassland
(1 �Ce1.5 �C). Air temperatures are generally lower in winter and
higher in summer compared to the soil temperatures, so the cor-
rected MODIS temperatures are much higher than the original data
on cold days. Taking the above conditions into account, when the
corrected MODIS temperatures were used as the top boundary, the
3615
modeling accuracy of the subsurface temperatures was improved
more for concrete. For grassland, the difference in the temperature
profiles between numerical and measured subsurface tempera-
tures was smaller.

The land cover also influences the subsurface temperature dis-
tribution, which has been reported in other studies (Ferguson and
Beltrami, 2006; Gunawardhana and Kazama, 2012; Rotta Loria
et al., 2022). In this study, the thermal diffusivities can be calcu-
lated from the thermal physical parameters, and the results show
that the thermal diffusivities are in the range of 0.55e0.65 m2/s, so
the geological condition has little effect on the subsurface tem-
peratures. Hence, the difference in the subsurface temperature
profiles can be largely attributed to the surface temperature dis-
tribution. The average surface temperatures of concrete are larger
than that of grass, and more heat can be transferred below ground,
so the subsurface temperature is also relatively higher. Above all,
from the comparisons of the subsurface temperatures under
grassland and concrete surfaces, it can be concluded that the land
cover types affect both the surface temperature and the subsurface
temperature distributions.

4.2. Limitations of subsurface temperature estimation approach

The model estimating the subsurface temperatures is under the
assumptions in an ideal environment, while real subsurface tem-
peratures are affected by many factors as illustrated in Section 4.1.
However, the accuracy of the MODIS data and the land cover type
are two main causes of the simulation.

On the one hand, as the top boundary, the MODIS temperatures
after correction are still different from the real surface tempera-
tures. That is because the MODIS data represents the average sur-
face temperatures of one district, while iButton data represents the
surface temperatures of one point in successive times. Aside from
this, the MODIS temperatures are close to the air temperatures
above the land surface, while the iButton data represents the sur-
face temperature of several centimeters. The extracted MODIS
temperatures are affected byweather and time of day (Brabyn et al.,
2014). According to the temperature comparisons of SG09 at
different times in Fig. 9, it can be recognized that the iButton data is
higher than the corresponding nighttime MODIS data and lower
than the daytime MODIS data. During the daytime, sunshine pro-
duces a mixture of shade and light districts and air temperature is
usually greater, causing the MODIS temperatures to be higher.
During the night, heat dissipates quickly and air temperature de-
creases rapidly. The accuracy of MODIS data during daytime and
nighttime are not the same, but the corrected data are the average
value during the day, so the difference between the two times of
the day cannot be better distinguished. Consequently, it seems that
the corrected method should consider more complicated factors to
improve the accuracy of the corrected MODIS data.

On the other hand, the subsurface temperatures in the near
subsurface are more sensitive to land cover type. From Fig. 7, the
simulated surface temperatures are lower than the measured
temperatures in the shallower layers within about 3 m subsurface.
Grassland provides a more intense rainfall infiltration in compari-
son with concrete, whereby the water flow promotes heat trans-
ferring downward in the vertical tunnel. Besides, the collected
borehole cores used to calculate the thermal-physical parameters
may experience a water evaporation process, which reduces the
moisture content of the testing samples. Higher moisture content
increases the thermal conductivity of a formation (McDaniel et al.,
2018). The shallow formationmainly includes silt and sand, and the
moisture content of the soil is easily decreased during sampling,
causing the tested thermal conductivity to decrease. Therefore, the



Fig. 9. (a): Correlation analysis of SG09 between MODIS and iButton temperatures during the daytime, and (b): correlation analysis of SG09 during the nighttime.
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simulated subsurface temperatures with the land cover type of
grassland are smaller than the measured temperatures at the
shallower depths. While this is contrary for concrete, because of the
imperviousness of this land surface, heat cannot be transferred into
the subsurface effectively, which is why the simulated tempera-
tures were higher.

A linear relationship between surface and MODIS temperatures
seems not to consider some environmental factors, such as wind
speed (Moazzam et al., 2022), rainfall (Huang et al., 2020), and
snow (Jafarov et al., 2014). Besides, soil properties such as perme-
ability and porosity are not considered in the empirical thermal
conduction equation. Neglecting the effects of groundwater flow
seems reasonable where groundwater activities are not so intense
(Kurylyk et al., 2015). In addition, the presence of faults and frac-
tures is not considered, which can also affect heat transfer and
further affect the evaluation of geothermal energy. We recommend
considering more factors in the model in future investigations.

4.3. Utilization of geothermal energy

In the present study, the corrected MODIS temperatures were
used to derive subsurface temperatures, which can evaluate the
real subsurface temperatures. The two representative boreholes
have similar geological conditions, while the urban areas have
more geothermal potential. The reason may be attributed to the
UHI effect, under which subsurface temperatures of urban areas are
higher than of rural areas. In the engineering practice of developing
geothermal energy, the design and plan of ground source heat
pump (GSHP) systems need to consider local conditions to optimize
thermal performance. As shown in Fig. 8, more geothermal po-
tential can be exploited with the increase of the underground
depth. However, costs will multiply with an increase in drilling
depth and number (Bayer et al., 2019). Thus, before exploiting
geothermal energy, the geothermal potential can be evaluated by
using the proposed method in this study. Furthermore, drilling
costs could also be calculated based on the local geological condi-
tions. Taking into account the local geothermal potential and the
actual construction costs, an approximate design of a GSHP system
can be facilitated. In addition, urban areas have greater heat storage
compared with rural areas. Therefore, future geothermal energy
development should be focused on urban areas, which could also
reduce the UHI effect to some extent. The MODIS temperatures can
help to evaluate the geothermal potential of one district at a low
cost, which provides the basis for the development and installment
of GSHP systems.
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5. Conclusions

Based on the field survey of subsurface temperature distribution
and the MODIS temperatures, relatively high-precision subsurface
temperatures are obtained. The good agreement between field-
monitoring temperatures and MODIS data shows that thermal
remote sensing is an efficient and relatively reliable tool to obtain
surface temperatures. Combined with the empirical thermal con-
duction equation, city-wide temperature distribution characteris-
tics can be further detected.

When MODIS temperatures after correction are used as the top
boundary condition, the simulated results agreed well with the
measured temperature data below 3 m underground in three
months. Compared with the direct use of satellite data as the upper
boundary condition, the corrected MODIS data based on the pro-
posed liner regression model improved the accuracy of 0.1 �Ce3 �C
at a depth of 0.4e5.2 m underground for the concrete, and 0.1
�Ce0.2 �C within the depth of 0.4e3.6 m for the grassland. Besides,
the land cover type also impacts the distribution of subsurface
temperatures, with higher subsurface temperature differences of
0.5 �Ce2 �C between concrete and grassland surfaces.

The accuracy of the subsurface temperature estimate method is
influenced by many factors, including the influence of complex
atmospheric conditions on satellite temperature accuracy, land
surface heat absorption, and infiltration in shallower layers. Due to
the subsurface UHI effects, the available TGP of urban areas is 14.7%
more than that of rural areas.

In this study, based on a small amount of measured tempera-
tures and MODIS temperatures, city-wide subsurface temperature
distribution can be estimated. Future work could focus on the
establishment of the specific relationship between surface tem-
peratures andMODIS data, in considering local climate features and
different land surface types. The derived geothermal field can be
further used to assess the geothermal capacity and instruct the
constructed position and mining depth of GSHP systems.
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