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A B S T R A C T   

Shallow temperatures down to a depth of 100 m were measured over one year in 19 closed boreholes located in 
Nanjing, China, to reveal the conditions and factors influencing the subsurface thermal regime. A monitoring 
concept with distributed temperature sensing, fiber Bragg grating-based sensor, and a type of Resistance Tem
perature Detectors, is implemented, providing spatial distribution characteristics of subsurface temperatures. The 
results show that temperatures near the surface are most dynamic, influenced by the air temperature. The 
temperature remains stable at the depth of 10–20 m. The mean transition temperature is 18.1 ◦C. Borehole 
measurements are interpolated by using satellite images and surface temperature records to obtain large-scale 
surface temperature distributions and temporal variations of subsurface temperature. Geological and hydro
logical conditions are primary factors by affecting subsurface upward heat flux and heat loss. Urban land cover 
change and enhanced heat release from urbanization contribute to a subsurface urban heat island with intensities 
of 1.0–4.4 ◦C. The altered subsurface thermal regime is of primary concern for the management of shallow 
geothermal energy use. The monitoring concept in this study can provide spatially-temporally continuous pro
files of subsurface temperature and become a reference for city-wide geothermal monitoring in other urban 
areas.   

1. Introduction 

Shallow geothermal energy (SGE), also called low-enthalpy 
geothermal energy, is the energy stored in the upper few hundreds of 
meters of the solid Earth. SGE resources are mostly stable, unaffected by 
weather conditions, and their utilization has commonly only a minor 
impact on the environment [1–4]. Besides, SGE technologies such as 
geothermal heat pumps are small-scale and offer unique opportunities 
for robust decentralized heat and cold supply, which makes it possible to 
utilize SGE in many countries [5–7]. Liu [8] estimated that the total 
available SGE only in China is 2.89 × 1012 kWh, which is enormous and 
equal to the total energy yield of 3.56 × 108 t coal. 

The environmental advantages and ubiquitous availability of SGE 
resources have spurred the utilization of geothermal heat pumps and 
especially of closed-loop systems. These are based on vertical boreholes 
equipped with single- or double plastic U-tubes, in which a heat carrier 

fluid is circulated to supply a ground-coupled heat pump. Their numbers 
are increasing substantially in China at an average annual growth rate of 
more than 20%. Meanwhile, China has become the worldwide leader in 
the installation and use of geothermal heat pumps that currently pro
duce around 250 PJ [9]. However, the utilization rate of SGE is still low, 
with an average value of 2.3% [10], and therefore also in the future 
augmented growth rates can be expected. As the number of SGE in
stallations increase, new challenges arise in particular in urban regions 
with a high density of applications. Optimal use of SGE in such envi
ronments requires control of potential thermal interference among 
neighboring systems, integrated management of exploitation and sys
tematic monitoring of evolving subsurface temperature anomalies, 
chemical and biological consequences [6,11–17]. Understanding the 
distribution and evolution of subsurface temperature is important for 
the environmental and economic management of SGE [18–23]. Ideally, 
proper exploitation of SGE is based on a case-specific geological survey 
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and accompanied by long-term subsurface temperature monitoring. 
However, thermal changes in the subsurface are invisible from the 
surface, and in most cases, they evolve unseen over long periods. Urban 
thermal subsurface management thus requires tailored monitoring 
strategies. 

A straightforward technique for shallow closed-loop geothermal field 
monitoring is to tie temperature sensors to the outside of the U-type 
pipes and backfill the borehole together with the pipes [24,25]. How
ever, this is only feasible during installation and needs synchronized 
early planning of monitoring concept and borehole heat exchanger 
layout. Moreover, the sensors can be corroded and damaged if they are 
buried underground for a long time. Another method is to employ fixed 
or mobile temperature sensors in the U-type pipes filled with the heat 
carrier fluid, which is mostly water. The obtained temperature data can 
be accurate when the temperature of the water is equilibrated with the 
conditions in the ambient rock and soil. It has been demonstrated that 
this method is practical and can achieve the goal of monitoring shallow 
geothermal fields regularly and over a long period [26–28]. 

Previous research on SGE has focused much on techniques of 
exploitation and utilization of SGE potentials. Many factors can affect 
the efficiency of SGE systems, such as geological structure, thermal 
conductivities of rocks and soils, and groundwater flow, which all in
fluence the variability of the subsurface thermal regime. Uplifts and 
depressions, for example, can change the heat transport in vertical and 
horizontal directions. Since a formation’s bulk thermal conductivity is 
highest along the direction of a rock layer, the ground temperature of an 
anticline structure tends to be higher than that of the syncline structure 
at the same horizontal position [29,30]. Variability of thermal conduc
tivity among different rocks and of water saturation impacts the distri
bution of ground temperature and observed vertical geothermal 
gradients [31]. In particular in shallow ground, convective heat trans
port associated with groundwater flow may even dominate the contri
bution by conduction. Moreover, the development of urbanization, the 
transition from bare soil and grass to concrete and tiles, affects the 
distribution of subsurface temperature in cities, those areas where most 
of the geothermal applications are applied. Enhanced heat flux into the 
shallow ground in cities can cause subsurface urban heat islands (SUHI), 
similar to aboveground urban heat islands (UHI) observed in major 
cities worldwide. Since rocks and soils have a greater heat capacity and a 
lower thermal diffusivity than air, the heat energy stored in SUHI is 
much larger than that in UHI, which improves SGE use potential for the 
supply of heating systems [32–38]. Typically, SUHIs extend over an 
entire urbanized area [32,39,40] and they have been detected in many 
cities all over the world, such as Winnipeg [40], Tokyo [41], Istanbul 
[42], Cologne [43], Munich [44], Paris [45], Basel [39], Amsterdam 
[46], and Moscow [47]. Clearly, knowledge of the role and future evo
lution of a SUHI is essential for long-term sustainable management of the 
growing number of SGE installations in cities. 

Most of the previous studies focused on the subsurface temperatures 
measured in wells at a depth of 15–30 m below ground level. This is due 
to the often-limited accessibility of deeper ground through boreholes 
and wells. Measurements at a greater depth are typically less influenced 
by recent urbanization and climate change, thus mainly controlled by 
hydrogeological and geological factors, and are carried out in a few 
studies. For example, Liu et al. [48] measured the temperature at a depth 
of 50 m using a thermosyphon in a drilling borehole. Taniguchi et al. 
[49] used deep groundwater well profiles to examine how deep urban
ization yields a deviation of the recorded temperature trends from the 
expected constant geothermal gradient. These depths were shown to be 
97 m in Tokyo, 76 m in Osaka, 65 m in Seoul, and 45 m in Bangkok [18]. 
Hemmerle et al. [45] obtained the groundwater temperatures at a depth 
of 150 m from the measurements by local authorities in Paris from the 
years 1990–2015. But the data are spatially discontinuous, and it is 
difficult to interpret spatial trends. Ideally, for revealing the influencing 
factors of urban subsurface temperature, a monitoring approach is 
needed to provide spatially-temporally continuous profiles of subsurface 

temperatures. This is especially of interest for understanding SGE utili
zation and geothermal thermal energy storage potentials. 

Geothermal utilization of shallow ground is enjoying unbroken 
popularity, with growing numbers of installations and continuously 
refined knowledge of SGE technologies. Also, worldwide, SUHI condi
tions evolve, but despite all these global trends, integrated urban ther
mal ground monitoring and tailored assessment of SGE potential 
evolution are still rare [50–53]. The main objective of this paper is to 
investigate the influencing factors for the thermal regime in subsurface 
urban environments based on city-wide geothermal monitoring and to 
further understand the evolution of SUHIs. This is considered the basis 
for city-wide spatial urban SGE planning. For this purpose, a concept for 
monitoring the shallow urban geothermal regime with complementary 
thermal sensing devices was developed and temperature data over a 
one-year period in the city of Nanjing were recorded. Additionally, 
satellite data within a specified period was retrieved to obtain the land 
surface temperature, and different land use types were distinguished. 

In the following, first the study area and the monitoring concept with 
different complementary devices and data sources are introduced. This 
delivers a so far not accessible insight in vertical and temporal tem
perature trends of the subsurface of Nanjing. The in-situ measurements 
are complemented by land use patterns and above-ground temperatures 
to identify the major anthropogenic factors and their spatially variable 
effects, given different geological and hydrogeological conditions. 
Finally, based on the findings, the viability and potential of the pre
sented monitoring concept is discussed and the conclusions are 
presented. 

2. Monitoring site and methods 

2.1. Study area and monitoring sites 

Nanjing (32◦03′41′′N 118◦45′49′′E), the capital of Jiangsu Province, 
China, is situated in the lower reaches of the Yangtze River. As an 
important part of the Yangtze River Delta, Nanjing has a population of 
over 9 million and it covers an area of about 6500 km2. Fig. 1 shows the 
city’s average monthly maximum and minimum air temperatures in 
2019. It is apparent that it is hottest in August with an average maximum 
of 32 ◦C and is coolest in January with an average minimum of 1 ◦C. In 
this year, the hottest day with 38 ◦C was on July 29th, and the lowest 
temperature of − 4 ◦C was reached on December 30th. 

In an earlier study, two stations in Nanjing were built for 

Fig. 1. Trends of average monthly maximum and minimum air temperature in 
Nanjing, China, for the year 2019 (data from http://www.weather.com.cn/. 
Accessed: September 13th, 2020). 
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temperature monitoring of soils at a depth of 0–3m, and these indicated 
urban soil warming [54]. In 2012, 52 boreholes were drilled in Nanjing 
by the Geological Survey of Jiangsu Province for deeper subsurface 
monitoring. However, because of the city expansion and the lack of 
maintenance, many of these boreholes were covered by pavements, 
construction sites, or vegetation. For a detailed investigation of the 
ground thermal evolution over a full year, 19 of these boreholes could be 
selected in 2018. Their locations and depths are given in Fig. 2 and 
Table 1, respectively. Most of these boreholes have a depth of 80–100 m, 
but some boreholes reach only about 70 m. As shown in Fig. 3, a bore
hole contains two built-in HDPE U-type pipes which are suited to install 
temperature sensors. Each borehole is covered by a 5 cm thick concrete 
plate to protect the inner structure from damage. These installations 
thus are similar to non-backfilled borehole heat exchangers used in 
closed-loop ground source heat pump systems. However, the major 
difference in this study is that they are not used for heat supply but 
exclusively for subsurface urban temperature monitoring. To our 
knowledge, there does not exist any similar observation network else
where. A major advantage of the tube-based monitoring network is that 
the recorded temperature profiles are independent of the occurrence of 
groundwater. In fact, most SUHI studies rely on temperature logging in 
groundwater wells and thus are restricted to aquifers. In Nanjing, 

additionally to vertical temperature profiling, at five sites in the city 
center land surface temperatures were recorded by Miniature Thermo
chron iButton dataloggers. 

2.2. Monitoring concept 

For resolving the entire depth of boreholes, distributed temperature 
sensing (DTS) was used at all 19 stations. Based on the temperature 
characteristics of the scattered light in the fiber, DTS can detect tem
perature changes and obtain the temperature variability along the fiber 
[55,56]. The precision of the devices used here is about 0.3 ◦C. To 
control, maintain and validate the precision of the temperature data 
obtained by DTS, Pt100 and fiber Bragg grating (FBG)-based tempera
ture sensors were used. The Pt100 sensor, a type of Platinum resistance 
thermometer, has a precision of 0.1 ◦C. It was used to measure tem
perature at multiple depths ranging from surface to 30 m below, but not 
deeper due to the limit of maximum cable length. In comparison, an 
FBG-based sensor’s accuracy can theoretically reach 0.05 ◦C, while its 
practical accuracy is considered worse, because it is prone to damages 
during application and thus become inaccurate. FBG-based sensors were 
installed to measure temperature at depths of 2 m, 5 m, 10 m, 20 m, 40 
m, 60 m, and 80 m in two boreholes as a supplement to the Pt100 

Fig. 2. Locations of 19 boreholes and five land surface measurement urban stations with iButtons in Nanjing.  
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sensors. The DTS temperature data presented in this paper is validated 
by the Pt100 and FBG-based sensors. 

The configuration of the three different temperature monitoring 
devices in a borehole is shown in Fig. 3. FBG sensors and DTS fiber were 
inserted in the U-pipes. Aboveground FBG interrogator and DTS exten
sion module were used to interpret and record the data. The temperature 
data in 19 boreholes (B1–B19) were recorded every season in 2019, 
including January, April, July, and November. Note that the tempera
ture data in April in some boreholes (B15–B19) are lost and thus not 
presented. Furthermore, in B4–B10, the temperature was also recorded 
in January 2020. 

The insight from the borehole measurements was complemented by 
utilizing further information sources: to better understand the effects of 
the urbanization on the shallow geothermal regime, a satellite image 
taken in September 2019 by the Landsat 8 satellite was used to get the 
surface temperature of Nanjing. Besides, to further inspect the shallow 
subsurface temperature in the downtown area of the city, iButtons were 
implemented at a very shallow depth of 5 cm in 5 urban sites and near 
the 19 boreholes from November 2019 to March 2020, and they were 
configured to record temperatures at time steps of 1 h. 

3. Results 

3.1. Vertical and temporal temperature trends in boreholes 

Fig. 4 depicts temperature-depth profiles of boreholes with full 
coverage of all four seasons. In these 14 monitored boreholes, 10 
boreholes are selected as representatives of the general distribution of 

subsurface temperature in Nanjing. And other 4 boreholes are sorted as 
abnormal for their temperature profiles are not consistent with the 
general picture. It can be seen that the temperature trends in the upper 
part vary depending on the season. In spring and summer (Fig. 4a–b), 
with the depth along the borehole, the temperature first strongly de
creases and then increases below around 15 m, and the overall tem
perature in the summer (Fig. 4b) is higher. In autumn and winter 
(Fig. 4c–d), it is the opposite: the temperature first increases and de
creases below 15 m, and the overall temperature in the winter is lower. 

Fig. 5 presents the temperature of B4–B10 at a depth of 0–20 m from 
January 2019 to January 2020. Note that, due to system outage, the 
temperature of B6 in January 2020 was not recorded, so the data of B6 is 
not presented in Fig. 5. Near the surface (0–5 m in depth), the range of 
the ground temperature variation is largest. The ground temperature can 
reach over 30 ◦C in the summer and a minimum of about 8 ◦C in the 
winter following the air temperature shown in Fig. 1, the temperature at 
the depth of 2 m follows a similar pattern as the air temperature. At the 
depth of 4 m, 6 m and 8 m, the temperature curves have similar shapes, 
but the seasonality is shifted with annual maximum and minimum 
temperatures in fall and spring. Also, as expected, variations are highly 
site-specific and increasingly dampened with depth and, for the study 
case, they cannot be clearly detected anymore beyond a depth of 15 m. 
The top 15 m thus can be roughly distinguished as the seasonal zone 
[57]. 

As shown in Fig. 5, within a depth of around 15–20 m, the temper
ature remains relatively stable in all seasons, and variations are in the 
range of the accuracy of the sensing devices. In this transition zone of 

Table 1 
Temperature of the transition zone in all boreholes B1–B19.  

Borehole 
number 

Geographical 
location 

Depth 
(m) 

Mean temperature 
of the transition 
zone (◦C) 

Geothermal 
gradient (◦C/ 
100m) 

B1 32◦22′41.3′′N 
118◦50′02.0′′E 

90 18.1 1.6 

B2 32◦12′03.3′′N 
118◦46′13.5′′E 

96 18.2 1.8 

B3 32◦11′34.3′′N 
118◦51′01.0′′E 

92 18.2 2.4 

B4 32◦12′54.4′′N 
118◦52′49.9′′E 

96 17.8 2.7 

B5 32◦13′34.9′′N 
118◦54′44.8′′E 

93 18.2 2.6 

B6 32◦12′14.3′′N 
118◦58′02.7′′E 

95 17.9 2.3 

B7 32◦00′24.0′′N 
118◦37′35.9′′E 

95 17.8 1.2 

B8 31◦49′38.0′′N 
118◦55′33.6′′E 

75 18.4 1.0 

B9 31◦55′30.8′′N 
118◦38′46.3′′E 

77 18.5 1.5 

B10 31◦50′02.5′′N 
118◦50′30.3′′E 

95 18.3 1.4 

B11 32◦02′44.5′′N 
119◦00′22.4′′E 

80 18.3 6.5 

B12 32◦04′39.0′′N 
118◦56′18.6′′E 

95 16.9 1.0 

B13 32◦12′02.8′′N 
119◦12′10.2′′E 

90 17.3 2.8 

B14 32◦08′16.5′′N 
118◦33′54.1′′E 

75 17.7 0.2 

B15 31◦50′03.2′′N 
118◦40′41.3′′E 

67 17.4 2.1 

B16 32◦22′24.2′′N 
118◦56′26.1′′E 

100 17.9 1.0 

B17 32◦18′22.1′′N 
118◦49′12.4′′E 

93 18.0 1.0 

B18 32◦16′21.1′′N 
118◦58′05.4′′E 

100 17.4 3.0 

B19 31◦47′21.3′′N 
118◦33′16.5′′E 

95 17.7 1.6  

Fig. 3. Sketch illustrating the configuration of the borehole thermal 
sensing devices. 
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subsurface temperature, the seasonal influence thus is hard to be 
detected. In some studies, the transition zone is also called the constant 
zone or the normal temperature layer, as the temperatures appear un
changed during the seasons [10,58]. Table 1 presents the mean DTS 
temperature of the transition zone in the boreholes. The mean temper
ature of this zone in all 19 boreholes is 18.1 ◦C. 

The temperature gradually increases in the steady zone below the 
depth of 20 m at a geothermal gradient as listed in Table 1. The 
computed values span a considerable range between 0.2 and 6.5◦C/100 
m. Considering the comparable trends of B1–B10, these are taken to 
derive an average, normal profile of transition and steady zone as 
reference. The reference, normal profile starts from the depth of 15m 
because the transition and steady zone is below 15m, and it is shown in 
Fig. 6 as the black square-dot line. The profiles of B11–B14 are not 
consistent with the general picture below 15 m. For example, the tran
sition zone in B11 (Fig. 6a) is not obvious and here we find by far the 
highest geothermal gradient. In contrast, B12 reveals much lower tem
peratures in the transition and the steady zone (Fig. 6b). Here exist 
remarkable differences in the repeated profiles at greater depth, and 
especially the January temperature trends are higher at depths of more 
than 30 m. Another borehole with unique conditions is B13 (Fig. 6c), 
with the temperature of the transition zone reaching only 17.3 ◦C, and 
the temperature fluctuates in the depth range of around 10–55 m. 
Finally, at B14 (Fig. 6d), the geothermal gradient is minimal at only 
0.2 ◦C/100 m, and it even is locally negative at the depth of 20 m. The 

reasons leading to different temperature profiles in B10–B14 are mostly 
related to geological structure and hydrogeological conditions and will 
be discussed below. 

3.2. Land surface and shallow subsurface temperatures 

Based on the satellite image from September 13th, 2019, the land 
surface temperature shown in Fig. 7a was retrieved based on the multi- 
channel method [59]. Fig. 7b illustrates the urban land use of Nanjing in 
2020. Comparing these two images, it can be concluded that the land 
surface temperature is highly related to the urban land use in this city. 
High land surface temperatures mostly appear in the center of the city 
where the land uses are categorized as residential or industrial areas. 
Several sites with high temperatures away from the center are associated 
with industrial zones and larger infrastructures, such as the airport. In 
contrast, low-temperature regions mostly coincide with green land, 
agricultural regions, and water bodies. 

Fig. 8 depicts shallow subsurface temperatures from November 2019 
to March 2020 in the Nanjing region. The time series representing urban 
areas is the mean of the temperature data obtained by the iButtons set in 
the city center (Fig. 2), and those in rural areas are the mean tempera
ture obtained by the iButtons set beside boreholes. The subsurface 
temperature diurnal variations in urban areas are larger than those in 
rural areas. The temperature differences between urban- and rural areas 
are also presented in Fig. 8. In November 2019 and March 2020, the 

Fig. 4. The ground temperature-depth profiles of 10 boreholes measured in (a) April, (b) July, (c) November, and (d) January 2019 (Data repository available: 
http://doi.org/10.17632/mkbtbbfyht.1). 
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temperatures in urban areas are higher than those in rural areas. How
ever, during the cold season, from December 2019 to February 2020, the 
temperatures in both areas are close and sometimes the temperatures 
representing urbanized areas are even lower. 

4. Discussion 

There exist different sources that supply the energy of the shallow 
geothermal regime, the Earth’s internal heat mainly provided by con
duction, as well as solar radiation that contributes from the atmosphere 
and which represents the dominant heat source for replenishment dur
ing imbalanced operation of shallow closed-loop geothermal heat 
pumps [23]. The availability of SGE resources and the shallow subsur
face thermal regime is not only affected by these two factors, but also 
related to the geological structure, hydrogeological conditions, physical 
properties of rock and soil, land cover and urbanization. Especially 
direct anthropogenic heat release and accelerated heat flux from ur
banized areas have been reported as a locally relevant aspect [39,40,60, 
61]. Therefore, the distribution of ground temperature varies in 
different areas, and geothermal anomalies may occur locally. For the 
city of Nanjing, the superpositioning of different heat sources manifests 
in the recorded borehole profiles. In the following, the interpretation of 
the thermal conditions found throughout the city is discussed, and this 
discussion is supported by the complementary measurements at the 
ground and land surface. 

As shown in Fig. 4, the temperature from surface to below 15m vary 
seasonally. This variability is as expected and mostly caused by the 

thermal coupling between atmospheric seasonal changes and the ground 
thermal regime. Below the depth of 15 m, the temperatures mostly 
remain stable. For B1–B10, despite different locations and natural con
ditions, their conditions are stable throughout the year so that their 
temperature variations are slight, and trends are similar. So, a “normal” 
temperature-depth profile can be drawn as average from these boreholes 
and shown in Fig. 6 as a square-dot line. In this normal profile, the 
temperature of the transition zone is 18.4 ◦C, and the overall geothermal 
gradient is about 2.0 ◦C/100 m. However, in B11–B14, different tem
perature trends are observed, obviously influenced by their special local 
conditions. 

4.1. Influence of geological structure and hydrogeological conditions 

Geological and associated hydrogeological heterogeneity on 
different scales strongly controls the variability of the shallow thermal 
regime. The geological structure determines conductive heat flow vari
ability by facies-specific thermal properties, and the heterogeneous 
permeability distribution is fundamental for spatially variable advective 
heat transport driven by groundwater. On a regional km-scale, larger 
geological structures such as folds and fault zones may have a strong 
influence on the observed distribution of subsurface temperature [62]. 
This is also visible for our study case: Borehole B11 (Fig. 6a) is located in 
the Tangshan area where faults are developed above the Tangshan 
anticline, mainly ring faults and northeast faults. Previous surveys have 
shown that the groundwater temperature in the Tangshan area is much 
higher than those in the surrounding [63]. The reason for the high 

Fig. 5. The temperature of B4–B10 at a depth of 0–20 m from January 2019 to January 2020.  
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geothermal gradient anomaly in B11 is the accelerated upward heat flux 
at the fault zone. Here the rock mass is fragmented and, additionally, in 
the mudstone-dominated formation, karst caves and fissures exist. This 
yields a weakened zone of enhanced permeability and thus regional 
vertical groundwater flow focusing. In the fault intersection zone this 
manifests by underground hydrothermal enrichment, and some hot 
springs form at the surface. Accordingly, at this borehole, the highest 
geothermal gradient is observed. 

Borehole B12 is located in the southeast of Mount Ling, where also 
karst has developed in mainly argillaceous limestone below 30 m 
(Fig. 6b). There exists a considerable uncertainty in the groundwater 
flow regime in this area, influenced by a high heterogeneity of limestone 
matrix permeability, karst pores and channels. In contrast to B11, 
however, the geothermal gradient is lower than the “normal” gradient. 
This may indicate enhanced vertical water circulation and infiltration 
with a pronounced downward groundwater flow component. As a result, 
the profiles vary throughout the year even at a great depth of 90 m. 

B13 is situated in the floodplain of the Yangtze River overlain with 
thick Quaternary sediments. As shown in Fig. 6c, the lithology of B13 
from the surface to a depth of 55 m is characterized by multiple layers of 

clay and silt, and below 55 m by moderately weathered conglomerate. 
The vertical trend of ground temperature in B13 deviates from the 
normal profile mainly within the silty layer, which is interpreted by 
enhanced advection in the young floodplain sediments above the 
isolating clay formation. Thus, the ground temperature of B13 fluctuates 
here more and the temperature of the transition zone is lower than that 
of the other boreholes. 

The area where B14 is located in the floodplain area of the Chuhe 
River, covered with an about 10 m thick overfill and clay. Fig. 6d shows 
that the main lithology of B14 is argillaceous sandstone with a thin 
stratum of arenaceous mudstone. The temperature below 20 m stays 
nearly stable down to 75 m close to the temperature in the transition 
zone. Despite the possible fissures developed in it, the sandstone is 
relatively impermeable, which means that the groundwater has little 
effect on the ground temperature here. The low geothermal gradient in 
B14 thus is caused by other effects. As one possibility the heat flux from 
the deeper crust is lower than usual, but no previous studies indicated 
that a crustal geothermal anomaly exists here. Another and more 
probable factor thus may be the thermal property of the investigated 
sediments here, e.g., a thermal blanket, but for instance, a considerable 

Fig. 6. Ground temperature-depth profiles and lithologies of boreholes B11–B14.  
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higher thermal conductivity of the arenaceous mudstone has not been 
substantiated. Thus, no clear interpretation of the abnormal observation 
can be derived for this borehole. 

4.2. Role of land cover and urbanization 

In the transition zone, the mean heat input from the bottom is equal 
to the mean heat input from the ground surface, and therefore the 
temperature is stable and unchanged seasonally. However, this zone can 
change and move responding to long-term, non-seasonal variations. 
With ongoing global climate warming, the mean air temperature and the 
heat input from the surface changes, which will rebalance the heat 

equation in the transition zone and influence the temperature [57]. 
However, such long-term changes cannot be detected by comparing the 
repeated logging at single boreholes over one year in this study. 

Furthermore, by affecting the conduction of near-surface heat at the 
ground, the type of land cover can have a strong influence on the shallow 
subsurface temperature [26,64]. For example, the temperature of the 
soil covered by concrete and other hard ground is higher than that of 
bare soil and grassland [65]. Similar to metropolises all over the world, 
the urbanization in Nanjing is rapid and the type of land use has changed 
much, indicating that the sealed land expands, and the fraction of 
agricultural and forest land shrinks down gradually [66]. With the ef
fects of urbanization, bare and green lands have been converted into 

Fig. 7. (a) Land surface temperature retrieved from satellite image in September 2019 (satellite data from: http://www.gscloud.cn. Accessed: November 23rd, 
2020); (b) urban land use of Nanjing city in 2020 (from Nanjing Municipal People’s Government, http://ghj.nanjing.gov.cn. Accessed: November 23rd, 2020). 

Fig. 8. Temperatures obtained by iButtons from November 2019 to March 2020 in urban- and rural areas of Nanjing.  
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pavements and covered by concrete buildings; the release of heat rises 
due to the population growth and the large-scale use of ground and 
underground transportations. The results shown in Fig. 7 thus reveal 
that the surface temperatures in densely built-up areas of Nanjing are 
higher than those in green lands. The high temperature areas are mostly 
situated in the downtown, delineating stronger urban heat island in
tensities towards the city center. 

Associated with above-ground urban heat islands, there often exist 
subsurface urban heat islands (SUHIs), which are not only mirrors of the 
atmospheric temperatures but reveal greater thermal anomalies in 
comparison to the natural state, and which represent a much higher 
enhanced energy density to be used as a reservoir for SGE [33,67]. 
Ground surface temperatures are influenced by many factors, such as 
solar radiation and regional weather. Including underground in
frastructures, building basements, industrial thermal waste, and un
derground water extractions, the processes of urbanization change the 
heat flux at the surface, affect the direction of heat flow and generate 
extra heat flux into the subsurface. This phenomenon is also shown in 
Fig. 8, where the subsurface temperature in urban areas is different from 
that in rural areas. Moreover, the temperature diurnal variation in urban 
areas is also higher than that in rural areas. This is controlled by the 
different properties of the land cover and underlying soil. Pavements 
and concretes preserve less heat than bare soil and grasslands. Another 
reason is that land covers in urban areas consume less heat for water 
evaporation since the water flows away rapidly on the sealed surface. 

The results from Fig. 8 show that the intensity of the SUHI close to 
the ground surface in the seasonal zone varies over the year. In spring 
and fall, the temperature differences can be seen, from 1.0 ◦C to 2.4 ◦C, 
even to 4.4 ◦C. This observation may suggest that the effects of SUHI are 
the strongest in summer and the weakest in winter, which is consistent 
with previous research [61]. While in winter, the differences of shallow 
subsurface temperatures in rural and urban areas are mostly negative, 
which means the effects of SUHI decline and an opposite effect even 
exists. Two possible reasons may be able to explain this observation. 
First, as shown in Figs. 2 and 7, two urban monitoring stations are close 
to the Purple Mount and Xuanwu Lake (a relatively cold area in the city 
center), which may ease the effects of SUHI and reduce the temperature 
differences. Another possible reason is that sealed lands have a lower 
buffer capacity. In Fig. 8, the temperature differences in winter fluctuate 
and are highly related to the cold fronts accompanied by rains and 
snows, according to local weather history data. It may suggest the 
temperature in urban areas drops faster within cold fronts and an 
opposite effect is shown. Besides, there are fluctuations in the temper
ature differences on a smaller scale. Many reasons can cause those 
fluctuations, e.g., regional rainfall, human activities in monitoring sites. 
In this study, only the urban temperature at a depth of 5 cm was 
recorded by iButtons. However, the depth that the SUHI can influence is 
much more than 5 cm. The actual influenced depth varies among cities 
and mainly depends on the degree of urbanization and local microcli
mate. Some infrastructures, such as subways and underground shopping 
centers, can reach a depth of dozens of meters, which will change the 
subsurface temperature to a great extent. Though boreholes profiles 
reach greater depths, present boreholes still are not representative of 
urban temperature. 

4.3. Evaluation of monitoring approach 

In this study, multiple monitoring techniques were applied, 
including borehole monitoring, iButtons, and satellite images. All of 
them together serve as a new integrated monitoring concept for shallow 
geothermal monitoring in cities. For borehole monitoring, DTS, FBG, 
and Pt100 sensors were applied. Spatially continuous trends of borehole 
temperature were provided by DTS. FBG and Pt100 sensors were used to 
monitor temperature at specific points for the calibration of possible 
errors in DTS. However, FBG implemented in boreholes is liable to be 
damaged during application and become inaccurate, which may require 

supporting field tests with FBG during geothermal monitoring. Though 
the application of FBG was less successful, the borehole monitoring 
approach of this study can clearly present spatially continuous 
temperature-depth profiles in boreholes, which addresses the issue of 
spatially discontinuous data in previous studies [44,45,47,48]. Aside 
from this, its accuracy can be ±0.3 ◦C, providing more precise profiles of 
underground temperatures. Additionally, to obtain land surface tem
peratures, iButtons were employed to measure temperatures with high 
accuracy of 0.1 ◦C and to trace temporal changes at monitoring sites. 
Satellite data complements the local measurements by providing a 
snapshot of the large-scale land surface temperature in Nanjing, and it 
delineates temperature differences among areas. With two elements of 
monitoring, boreholes and land surface, spatial and temporal distribu
tions of underground temperatures in city-wide areas can be drawn out. 
Their precision varies depending on the spatial density and frequency of 
monitoring, which can be adjusted according to the actual demands. The 
monitoring concept in this study provided city-wide subsurface tem
perature data with spatial continuity in a depth range of 0–100m. Based 
on the experience in Nanjing, the whole monitoring concept can be 
applicable to other areas and cities for large-scale shallow geothermal 
monitoring. 

5. Conclusions 

This study is dedicated to developing a subsurface temperature 
monitoring concept for an expanding metropole such as Nanjing with 
growing interest in shallow geothermal energy (SGE). As the primary 
data source, the profiles of 19 closed boreholes were monitored 
seasonally in 2019. The conclusions of this study are as follows:  

(1) A normal mean trend of the subsurface temperature in Nanjing is 
derived and three zones can be distinguished: from the surface to 
15 m below the ground level is the variable zone of the subsurface 
temperature, where the temperatures seasonally follow the 
pattern of the air temperature. At a depth of 15 m–20 m is the 
transition zone, where the temperatures are stable at about 
18.1 ◦C. At 20 m and deeper is the steady zone where the tem
perature profile delineates the shallow geothermal gradient.  

(2) These normal conditions serve as a reference to find special local 
conditions and for interpretation of the variable influencing fac
tors that lead to special thermal anomalies. It is revealed that the 
geological structure and hydrogeological conditions play an 
important role in the distribution of the subsurface temperature. 
In the area of borehole B11, the geothermal gradient reaches 
about 6.5 ◦C/100 m and hot springs form in the area. Here, 
intersection faults form the heat channels between the surface 
and the deep crust. The temperature fluctuations observed in 
B12–B13 are most strongly influenced by groundwater flow. 
Therefore, knowledge of the regional geological structure and the 
hydrogeological regime is key for planning optimal utilization of 
SGE.  

(3) The type of land cover has a main impact on the temperature near 
the surface. Urbanization causes a SUHI and as the expansion of a 
city continues and the underground constructions become 
deeper, subsurface heating increases and this offers additional 
opportunities for SGE to provide heat supply of cities. However, 
subsurface heat accumulation hampers efficient SGE use for 
cooling which is of growing interest for a city such as Nanjing.  

(4) The monitoring concept in this study can provide a reference for 
shallow geothermal monitoring on a city scale. With the appli
cation of DTS and Pt100, borehole depth-temperature profiles 
can be obtained with spatially continuity and high accuracy. 
iButtons measure temperatures at a depth of 5 cm with high ac
curacy of 0.1 ◦C and provide temporally continuous profiles at 
sites. Satellite data provides a snapshot of land surface tempera
ture on a city scale. With borehole and land surface monitoring, 
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spatial and temporal distributions of subsurface temperatures can 
be acquired. The new monitoring concept used in this paper can 
be used in other areas and cities for shallow geothermal 
monitoring. 

The boreholes and monitoring sites cover parts of the Nanjing city, 
though some regions, such as the center of the city and major in
frastructures, are not fully covered. Depending on the future work, more 
monitoring sites may be added if a more detailed profile of some areas is 
needed. Furthermore, with the temperature data and detailed geological 
conditions, numerical simulations of subsurface heat transferring in a 
certain area can be made and verified, which will better clarify the 
evolution of SUHIs. It is of great importance to monitor and understand 
SUHI in the consideration of the rapid development of the economy and 
urbanization. The result of city-wide monitoring provides a reference for 
city management of SGE. 
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